WO 2006/118601 A1 |00 000 0 010 I O A

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization __; d | [.

329 |00 00O OO0 O

International Bureau

(43) International Publication Date
9 November 2006 (09.11.2006)

(10) International Publication Number

WO 2006/118601 A1l

(51) International Patent Classification:

GIIC 16/06 (2006.01) GIIC 7/00 (2006.01)
G11C 16/04 (2006.01)
(21) International Application Number:
PCT/US2005/037070
(22) International Filing Date: 14 October 2005 (14.10.2005)
(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:
11/120,270 2 May 2005 (02.05.2005) US

(71) Applicant (for all designated States except US):
FREESCALE SEMICONDUCTOR, INC. [US/US];
7700 W. Parmer Lane, MD: PLO2, Austin, TX 78729 (US).

(72) Inventor; and

(75) Inventor/Applicant (for US only): GOGOI, Bishnu,
Prasanna [IN/US]; 11115 E. Clinton Street, Scottsdale,
AZ 85259 (US).

(74) Agents: KING, Robert, L. et al.; 7700 W. Parmer Lane,
MD:PLO2, Austin, TX 78729 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KM, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, LY,
MA, MD, MG, MK, MN, MW, MX, MZ, NA, NG, NI, NO,
NZ, OM, PG, PH, PL, PT, RO, RU, SC, SD, SE, SG, SK,
SL, SM, SY, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ,
VC, VN, YU, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARTPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, 7ZM,
7ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, NL, PL, PT,
RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,
GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
with international search report

[Continued on next page]

(54) Title: INTEGRATED CIRCUIT HAVING A NON-VOLATILE MEMORY WITH DISCHARGE RATE CONTROL AND

METHOD THEREFOR

BLOCK

SWITCH1

-
1 ARRAY BLOCK aL[o]

(57) Abstract: An integrated circuit includes a memory
(10). The memory (10) includes an array (12) of non-
volatile memory cells. Each memory cell (14) of the ar-

I SECTOR B ap | #
I T2 14 | = ray (12) includes a plurality of terminals comprising: a
| - Ipy : s
) %Pw PW g ml control gate, a charge storage region, a source, a drain,
1WL[0] l—l IE=1w J—_" W l—“ n :NW_ . a well terminal, and a deep well terminal. Following an
! | l 1 : erase operation of the array (12), the erase voltages are
] PH - ol |0 discharged from each of the memory cells. A discharge
: W) l_" N l_" N l_"— M| rate control circuit (11) controls the discharging of ter-
v |1 [ | l | minals of the memory cell. The discharge rate control
DECODE | | : circuit (11) includes, for example, a plurality of paral-
B! ! lel-connected transistors (112) coupled between the ar-
] - oW ol | ! ray (12) of non-volatile memory cells and a power sup-
:WL[N] r“%NW 1—" NW l—" M ply terminal.
| | I I
| : ]
17 b o o - ——————— — - ——— — SR el
16 26 SOURGE
PSEL[O]—i pSEL[1]—AC | PSELIM)—T F PATH
ENABLE
BLOCK 18
SWITCHZ| pRaIN RDCOLEN 1
PATH
ENABLE 20
N CSEL[o]—i csefi]—| CSeLM)—]
19
V \] DATA LINE
W6 |'R VR
1
oscanmee | Yhos

RATE CONTROL




WO 2006/118601 A1 II}}10 180H0 T 000 000D 0

—  before the expiration of the time limit for amending the Fortwo-letter codes and other abbreviations, refer to the "Guid-
claims and to be republished in the event of receipt of ance Notes on Codes and Abbreviations" appearing at the begin-
amendments ning of each regular issue of the PCT Gazette.



10

15

20

25

30

WO 2006/118601 PCT/US2005/037070

INTEGRATED CIRCUIT HAVING A NON-VOLATILE MEMORY WITH
DISCHARGE RATE CONTROL AND METHOD THEREFOR

Field of the Invention

This invention relates generally to integrated circuits, and more particularly to an

integrated circuit having a non-volatile memory with discharge rate control of erase voltages.

Background of the Invention

Floating gate non-volatile memories such as erasable programmable read only
memories (EPROMEs), electrically erasable programmable read only memories (EEPROMs),
block erasable (“flash”) EEPROMs, and one time programmable read only memories
(OTPROMs) are popular for many electronic applications such as automotive control,
consumer products such as tapeless answering machines, and the like. In floating gate
memories, the state of each memory cell is determined by the amount of charge stored on a
floating gate. The floating gate is isolated from an underlying channel by a region of tunnel
oxide. Typically, the floating gate transistor is programmed and erased by processes known
as Fowler-Nordheim tunneling and hot carrier injection. One process that uses Fowler-
Nordheim tunneling for erasing a flash memory is called “channel erase”.

A typical flash memory cell manufactured using a “triple well” process may have five
terminals that must be properly biased for program and erase operations: a control gate, a
source, a drain, a P-well terminal, and a deep N-well terminal. An array of flash memory
cells is formed in the P-well. The P-well is isolated within the deep N-well. One technique
for performing a channel erase operation on the memory cells of the flash memory array
involves applying a relatively high negative voltage, for example about -9 volts, to the control
gate, while applying a relatively high positive voltage, for example about +9 volts, to the P-
well and the deep N-well. The drain and source of the memory cell are allowed to “float”,
that is, the drain and source are not directly coupled to a source of potential. However, due to
capacitive coupling between the five terminals around the floating gate as well as the diode
formed between the drain/source and P-well, the drain and source may float no lower than a

diode drop below the P-well/deep N-well voltage.
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At the end of an erase operation, the voltage on the five terminals is discharged. If the
terminals are allowed to discharge too quickly, an effect of discharging the relatively high
negative voltage on the control gate can cause drain, source, and P-well potentials to peak a
voltage higher than 10 volts because of the capacitive coupling. The application of a voltage
higher than 10 volts may cause the gate oxide of high voltage transistors connected to the

nodes of the memory cells to break down, drain source punch through of the transistors

. connected to the nodes of the memory cell, or other forms of high voltage damage, thus

shortening the life of the flash memory.

What would be desirable therefore are a method, and a non-volatile memory using

~ such a method, which prevents the exposure of the high voltage transistors to high voltage

beyond the reliability limits. Such a method and a non-volatile memory using that technique
is provided by the present invention, whose features and advantages will be more clearly

understood from the following detailed description taken in conjunction with the

accompanying drawings.

Brief Description of the Drawings

FIG. 1 illustrates, in schematic diagram form, a portion of a non-volatile memory
according to the present invention.

FIG. 2 illustrates, in schematic diagram form, a first embodiment of a discharge rate
control circuit for the memory of FIG. 1.

FIG. 3 illustrates, in schematic diagram form, a second embodiment of a discharge
rate control circuit for the memory of FIG. 1.

FIG. 4 illustrates, in schematic diagram form, a third embodiment of a discharge rate
control circuit for the memory of FIG. 1.

FIG. 5 illustrates, in schematic diagram form, a fourth embodiment of a discharge rate
control circuit for the memory of FIG. 1.

FIG. 6 illustrates, in schematic diagram form, a fifth embodiment of a discharge rate

control circuit for the memory of FIG. 1.
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Detailed Description

Generally, the present invention provides an integrated circuit having a memory. The
memory includes an array of non-volatile memory cells. Each memory cell of the array
includes a plurality of terminals comprising: a control gate, a charge storage region, a source,
a drain, a well terminal, and a deep well terminal. Following an erase operation of the array,
the erase voltages are discharged from each of the memory cells. A discharge rate control
circuit controls the discharging of the terminals of the erased memory cell. The erase voltages
are discharged at a rate in which the capacitive coupling from one of the terminals of the
memory cell to other terminals of the memory cell are essentially nulled out, or minimized, for
voltage overshoot. After a predetermined time, the erase voltages will be discharged to a level
that is safe for devices which are connected to any of the terminals of the memory cell. In one
embodiment, all five terminals of a memory cell are recovered, or discharged, at the same
time. In other embodiments, less than all of the five terminals may be discharged at the same
time. Also, in another embodiment, a discharge circuit is described that recovers the negative
voltage against some of the positive voltages that are on the source and drain. This eliminates
the need to use charge from other positive power supplies.

In one embodiment, the discharge rate control circuit includes a reference current
generator for providing a reference current; a first current mirror, coupled to the reference -
current generator for providing a first predetermined discharge current for discharging the
control gate, drain, and source; and a second current mirror, coupled to the reference current
generator, for providing a second predetermined discharge current for discharging the well
terminals after the erase operation. In another embodiment, the discharge rate control circuit
includes a plurality of parallel-connected transistors coupled between the array of non-volatile
memory cells and a power supply terminal. The discharge rate is controlled by selecting which
of the parallel-connected transistors are conductive.

Controlling the discharge rate using the discharge rate control circuit in accordance
with the illustrated embodiments prevents transistors that are coupled to the memory cells
from being damaged because they are exposed to a voltage higher than the reliability limits of
the transistors.

FIG. 1 illustrates, in schematic diagram form, a portion of a non-volatile memory 10
in accordance with the present invention. Non-volatile memory 10 is implemented on an

integrated circuit and includes an array 12 of non-volatile memory cells coupled at the
3
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intersections of word lines and bit lines. Array 12 includes N word lines, where N is an
integer, represented by word lines labeled WL[0], WL[1], and WL[N]. Array 12 includes M
bit lines, where M is an integer, represented by bit lines labeled BL[0], BL[1], and BL[]M]. A
non-volatile memory cell 14 is illustrative of the memory cells of the array and includes a
control gate coupled to the word line WL[0], a drain coupled to bit line BL[M], a floating
gate, a P-well terminal labeled “PW” and a deep N-well terminal labeled “NW”. The well
terminal PW is coupled to a P-well region of a semiconductor substrate on which the
integrated circuit is implemented. Source terminals of all of the memory cells of the array are
coupled together and labeled “CS”. In the illustrated embodiment, array 12 is a flash memory
and is manufactured using a conventional triple-well process and includes a deep N-well for
isolating the array. The deep N-well surrounds the P-well within the semiconductor substrate.
In another embodiment, the array 12 may be manufactured using a different process that does
not include a deep N-well. Also, in another embodiment, the conductivity types of the wells
may be different. In addition, the array 12 of the illustrated embodiment includes floating
gate transistors. In another embodiment, the array 12 may include another non-volatile
memory cell type, such as for example, a SONOS structure where a charge storage layer may
include, for example, nitride, nanocrystals, or a combination of nitride and nanocrystals. In
addition, the non-volatile memory 10 may be implemented on an integrated circuit as a stand-
alone memory, or may be implemented with other circuitry, such as for example, in a
microprocessor, or in a microcontroller having a central processing unit (CPU) and one or
more peripheral circuits.

A row decoder 13 is coupled to all of the word lines of the array 12. Row decoder 13
is a conventional row decoder and is for selecting one or more word lines, depending on the
type of access operation, in response to receiving a row address. A program select transistor
is coupled to each of the bit lines and receives one of a decoded program select signal labeled
PSEL[0], PSEL[1], and PSEL[M]. For example, a program select transistor 16 has a drain
coupled to the bit line BL[0], a gate coupled to receive the program select signal PSEL[0],
and a source coupled to the drain of an N-channel transistor 18. Because the N-channel
transistors 16 and 18 are exposed to relatively high voltages during program and erase
operations, they are implemented using a high voltage CMOS (complementary metal-oxide
semiconductor) process as indicated by the thickly drawn gate in FIG. 1. The transistors not
exposed to the high program and erase voltages are implemented with thinner gate oxides.

Transistors 18 are coupled between the program select transistors and the N-channel column
4
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select transistors 20 are for isolating the column select transistors 20 from the relatively
higher program and erase voltages. Transistors 18 are always enabled during a read operation
and serve as a high voltage isolation device for thinner oxide transistors during program and
erase and may not be necessary in other embodiments. Each of the column select transistors,
such as transistor 20, is for coupling a corresponding bit line to a data line in response to an
asserted one of the column §elect signals CSEL[0], CSEL[1], and CSEL[M]. In the
illustrated embodiment, sense amplifiers (not shown) are coupled to the data lines and are
shared between a predetermined number of bit lines. The sense amplifiers are for sensing and
amplifying the relatively small currents conducting through the bit lines.

A discharge rate control circuit 11 is provided to discharge the voltages on the
terminals of the non-voltage memory cells after an erase operation. The discharge rate
control circuit 11 has a first conductor labeled VNEG coupled to the row decoder 13 through
the negative block switch 17, and a second conductor labeled VR coupled to the source
terminals of the program select transistors through an N-channel transistor 19 that is activated
with a signal labeled “DRAIN PATH ENABLE”. The negative block switch 17 receives an
enable signal labeled “BLOCK SWITCH 2”. The second conductor is also coupled to the
common source CS of array 12 via an N-channel transistor 26 when a signal labeled
“SOURCE PATH ENABLE” is asserted. In addition, the discharge rate control circuit 11
includes a third conductor labeled VPOS coupled to the P-well terminal and the deep N-well
terminal via P-channel transistors 22 and 24 in response to a signal labeled “BLOCK
SWITCH 1” being asserted. Note that the conductivity type of the illustrated transistors is not
important for purposes of describing the invention, and may be different in other
embodiments. Also, the transistors 22 and 24 may be separately controlled in other
embodiments.

The memory array 12 is erased using a channel erase operation. A relatively high
negative voltage, for example about -9 volts, is applied to the control gate of each of the
memory cells of the array, while applying a relatively high positive voltage, for example
about +9 volts, is applied to the P-well and the deep N-well. The drain and source are
allowed to “float” no lower than a diode drop below the P-well, that is, the drain and source

are not directly coupled to a source of potential. However, due to capacitive coupling

 between the five terminals around the floating gate and charging through the junction from

the P-well to the drain and source, the drain and source float at a diode drop below the P-

well/deep N-well voltage. These voltages are applied to the array 12 for a predetermined
5
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amount of time. In other embodiments, the erase voltages may be different and may be
applied to different terminals of the memory cells depending on the erase mechanism used.

After the erase operation, it is necessary to discharge the erase voltages from the
memory array 12. To prevent high voltage damage to transistors connected to the node\s of
the memory cell, the discharge rate control circuit 11 causes the high (or low) negative erase
voltage on the gate and the high positive erase voltage on the wells, drains and sources, to be
discharged at a rate which will suppress coupling voltage higher than 10V on any of the five
terminals from any of the other five terminals. Because the array 12 is a flash memory in the
illustrated embodiment, all of the transistors of array 12 are erased at the same time.
Likewise, the erase voltages are discharged from all of the transistors at the same time. In one
embodiment, array 12 may represent the entire memory array. In other embodiment, array 12
may represent only one of two or more blocks, or sectors, of a non-volatile memory array.
The operation of various embodiments of the discharge rate control circuit 11 will be
described in more detail below. |

FIG. 2 illustrates, in schematic diagram form, a first embodiment of a discharge rate
control circuit 70 for the memory 10 of FIG. 1. Discharge rate control circuit 70 is substituted
for the discharge rate control circuit 11 of FIG 1. Note that throughout the drawings the same
reference numbers will be used for the same or similar elements. Discharge rate control
circuit 70 includes current source 34, current mirrors 36, 39, and 46, protection circuit 54, P-
channel transistor 32, and N-channel transistors 42 and 52. Current mirror 36 includes N-
channel transistors 38 and 44. Current mirror 39 includes N-channel transistors 38 and 40.
Current mirror 46 includes P-channel transistors 48 and 50. Protection circuit 54 includes P-
channel transistor 56 and N-channel transistors 58 and 60. N-channel transistors 42 and 52
and P-channel transistor 32 function as switches.

Current source 34 has a first terminal coupled to a supply voltage terminal labeled
Ve, and a second ~terminal for providing a reference current labeled “Izgr”. P-channel
transistor 32 has a source coupled to a second terminal of current source 34, a gate coupled to
receive a control signal labeled “Vgw;”, and a drain. In the illustrated embodiment, current
source 34 is generated based on the bandgap voltage of silicon. In other embodiments,
current source 34 may be generated differently. N-channel transistor 38 has a gate and a drain
both coupled to the drain of transistor 32, and a source coupled to a supply voltage terminal
labeled “Vgs”. N-channel transistor 40 has a drain, a gate coupled to the drain of transistor

32, and a source coupled to Vgs. N-channel transistor 42 has a drain coupled to a boosted
6
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positive voltage terminal labeled “Vpps”, a gate for receiving a control signal labeled “Vsw”,
and a source. N-channel transistor 44 has a drain coupled to the source of transistor 42, a gate
coupled to the drain of transistor 32, and a source coupled to Vgs. P-channel transistor 48 has
a source coupled to a supply voltage terminal labeled “VR”, and a gate and a drain coupled to
the drain of N-channel transistor 40. P-channel transistor 50 has a source coupled to Vg, a
gate coupled to the drain of N-channel transistor 40, and a source. N-channel transistor 52
has a drain coupled to Vg, a gate for receiving a control signal labeled “Vgw,”, and a source
coupled to the drain of P-channel transistor 50. P-channel transistor 56 has a source coupled
to the drain of P-channel transistor 50, a gate coupled to Vss, and a drain. N-channel
transistors 58 and 60 are diode connected and in series between the drain of transistor 56 and
a boosted negative voltage terminal labeled “Vngg”.

A boosted negative voltage provided to Vngg is used for program and erase operations
and is provided by a charge pump (nbt shown), or may be provided by a voltage source
external to the memory 10 in other embodiments. Likewise, a boosted positive voltage
provided to Vpos is used for the program and erase operations and is provided by another
charge pump (not shown), or in other embodiments, may be provided by a voltage source
external to memory 10. Because N-channel transistor 42 is exposed to the boosted positive
voltage used for the erase operation, it is a high voltage transistor as indicated by the
relatively thicker gate in FIG. 2. Protection circuit 54 functions to protéct the transistors of
current mirror 46 from the boosted negative erase voltage received to Vngg. Therefore, the
transistors 56, 58, and 60 are also high voltage transistors.

As stated above, the discharge rate control circuit 70 is used to control the discharge
of the voltages on the memory cells of array 12 after an erase operation. For example, during
the erase operation, a positive 9 volts may be applied to the P-well of each memory cell of the
array 12 via Vpos. The positive 9 volts is discharged through transistors 42 and 44 to Vss.
Also, during the erase operation a negative 9 volts may be applied to the control gate of each
memory cell via Vngg. The negative 9 volts is discharged through the protection circuit 54
and transistor 50 and 52 to V. The discharge rate for each terminal of a memory cell is
determined based on a mirror ratio to a known reference. In FIG. 2, the reference current is
Irer which is provided by current source 34 to transistor 38 of current mirror 36 & 39. In
current mirror 36 & 39, the current through transistor 38 is determined by Iggr. The current
through transistor 40 is determined by adjusting the gate width (W) to gate length (L) ratio

relative to the W /L ratio of transistor 38 by using a factor “K” as illustrated in FIG. 2.
7
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Likewise, the discharge current through transistor 44 is determined by a gate width to gate
length ratio factor “J” times W//L. The factors K and J are generally determined by
capacitive loading, and in some embodiments, may be substantially the same. Also, the
current through transistor 50 is “X” times W»/L., where W, is the gate width of transistor 48
and L is the gate length of transistor 48. The current through transistor 48 is determined by
the current through transistor 40. Note that in the illustrated embodiment, gate length L is the
same for all of the transistors. However, in other embodiments, gate length L. may be
different for the various transistors.

In operation, discharge rate control circuit 70 is activated when control signal Vgsw; is
asserted as a logic low voltage, Vss. Concurrent with, or following the assertion of Vswi,
control signal Vgw is asserted as a logic high, Vg, at the gate of transistor 42. Transistor 42
is provided to protect transistor 44 from the relatively high erase voltages as well as to limit
the drain source voltage of transistor 44 for more accurate mirroring of the current through
transistor 38 and may not be necessary in some embodiments. A current through transistor 38
is mirrored by transistors 40 and 44. A current through transistor 48 is mirrored by transistor
50. The voltage on Vngg is then discharged to Vg and the voltage on Vpos is discharged to
Vss. The factors J, K, and X are chosen to ensure that the memory cell erase voltages begin
to discharge at a rate in which the capacitive coupling from one of the terminals of the
memory cell to other terminals of the memory cell are essentially nulled out or minimized for
voltage overshoot. After a predetermined time, the erase voltages will be discharged to a
level that is safe for devices which are connected to any of the terminals of the memory cell.
At a later time, the control signal Vsws; is asserted as a logic high voltage Vg to make
transistor 52 conductive, thus providing another current path for rapidly discharging Vngg and
Vk.

Discharge rate control circuit 70 will discharge all of the terminals of the memory
cells at a rate which will track together and have very little variation due to process,
temperature, and supply. Also, discharge rate control circuit 70 provides two recovery, or
discharge, rates for Vngg relative to Vg; an initial relatively slow recovery to a safe voltage
and then a faster recovery rate to shorten recovery time. The illustrated embodiments are
especially useful for memories that are operating close to their voltage reliability limits.

FIG. 3 illustrates, in schematic diagram form, a discharge rate control circuit 30 in
accordance with a second embodiment of the present invention. Discharge rate control circuit

30 is substituted for the discharge rate control circuit 11 of FIG. 1. Discharge rate control
8
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circuit 30 differs from discharge rate control circuit 70 in that discharge rate control circuit 30
does not have a transistor 52. In circuit 30, the discharge rate remains at the initial rate.
However, with careful attention to the determination of the ratio factors J, K, and X, the
discharge rate may be relatively quick, especially for those embodiments where there is
relatively more margin for device parameters such as oxide breakdown, gate induced junction
breakdown, drain-source punch through, and the like.

FIG. 4 illustrates, in schematic diagram form, a discharge rate control circuit 80 in
accordance with a third embodiment of the present invention. Discharge rate control circuit
80 replaces the discharge rate control circuit 11 in the memdry of FIG. 1. Discharge rate
control circuit 80 differs from discharge rate control circuit 30 in that discharge rate control
circuit 80 includes a plurality of current sources selectively coupled to current mirrors 36 and
39 to provide different rates for discharging the erase voltages from the terminals of the
memory cells. FIG. 4 shows two additional current sources 66 and 68 coupled to current
mirror 36 and 39 via P-channel transistors 62 and 64, respectively. The P-channel transistor
62 is conductive when control signal Vgw; is asserted as a logic low voltage. The P-channel
transistor 64 is conductive when control signal Vg, is asserted as a logic low voltage. When
control signal Vsws is asserted, current source 66 provides a current Irgr; to current mirrors
36 and 39. Likewise, when control signal Vsw; is asserted, current source 68 provides a
current Ixgg; to current mirror 36 and 39. Currents Irgp; and Irxgp; may be the same as Iggg, or
different, depending on the desired discharge rates. Note that in other embodiments, there
may be more or fewer than three current sources. Each of the current sources is coupled to a
separately controlled switch. In the illustrated embodiment, the erase voltages are initially
discharged at a low rate by asserting only Vsw; for a predetermined time period. After the
predetermined time period, control signal Vsw; is asserted to add current Irgr to Irgr to
discharge the memory cells at a second, faster rate. Finally, control signal Vsws3 is asserted to
add the current Irgp; to Irgr and Irgg to discharge the memory cell nodes at a third rate. Like
current source 34, current sources 66 and 68 are bandgap generated. However, in other
embodiments, current sources 66 and 68 may be generated in other ways.

FIG. 5 illustrates, in schematic diagram form, a discharge rate control circuit 90 in
accordance with a fourth embodiment. Discharge rate control circuit 90 replaces the
discharge rate control circuit 11 in the memory of FIG. 1. Discharge rate control circuit 90
differs from discharge rate control circuit 30 in that discharge rate control circuit 90 includes

a current mirror 92 coupled to the drain of N-channel transistor 44. Current mirror 92
9
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includes P-channel transistors 94 and 96, and N-channel transistor 100. Transistors 98 and
100 function to enable current flow through transistors 94 and 96. The voltage on transistor
98 must be high enough to disable current from VPOS to Vg.. In this embodiment, transistor
98 is a thick oxide transistor to help it sustain larger gate voltages. N-channel transistor 100
has a source coupled to the drain of N-channel transistor 44, a gate for receiving a control
signal Vsws, and a drain. P-channel transistor 96 includes a source coupled to Vpos, and a
gate and a drain coupled to the drain of transistor 100. P-channel transistor 94 has a source
coupled to Vpgs, a gate coupled to the drain of transistor 100, and a drain. P-channel
transistor 98 has a source coupled to the drain of transistor 94, a gate for receiving control
signal Vgw,, and a drain coupled to Vi.. A width/length ratio of transistor 94 differs from a
width/length ratio of transistor 96 (W3/L) by a factor “Y™".

Current mirror 92 is used in FIG. 5 to divert some of the discharged erase voltage
from Vpgs to VE_ to “recycle” some of the charge and reduce power consumption of device
having memory 10. To discharge Vpos after an erase operation, control signals Vsw; and
Vsws are asserted to make transistors 98 and 100 conductive. Some of the discharge current
is provided to Vsg through transistors 96, 100, and 44, and some of the discharge current is
provided to Vg through transistors 94 aﬁd 98. The amount of current from Vpgs that is
provided to Vp_ is determined, at least in part, by the width/length ratio of transistors 94 and
96 as illustrated in FIG. 5.

FIG. 6 illustrates, in schematic diagram form, a discharge rate (_:ontrol circuit 110 in
accordance with a fifth embodiment. Discharge rate control circuit 110 is another
embodiment of the discharge rate control circuit 11 in the memory of FIG. 1. Discharge rate
control circuit 110 includes a plurality of parallel-connected N-channel transistors 112 and a
protection circuit 114. The plurality of transistors 112 includes transistors 116, 118, 120, and
122. The protection circuit 114 includes a P-channel transistor 124, diode-connected N-
channel transistors 126 and 130, and an N-channel transistor 128. Each of the plurality of
transistors 112 has a current electrode (drain) connected to the power supply voltage terminal
VR, a control electrode (gate) for receiving one of control signals Vswi, Vsw2, Vsws, and
Vsws, and a current electrode (source) connected to a node labeled “N1”.

In protection circuit 114, P-channel transistor 124 has a source connected to node N1,
a gate connected to power supply voltage terminal Vss, and a drain. N-channel transistor 126
has a gate and a drain connected to the drain of transistor 124, and a source. N-channel

transistor 128 has a drain connected to the source of transistor 126, a gate for receiving a bias
10
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voltage labeled “V1n”, and a source. N-channel transistor 130 has a gate and a drain
connected to the source of transistor 128, and a source connected to Vngg. Protection circuit
114 functions to protect the plurality of transistors 112 from the boosted negative erase
voltage Vneg. Therefore, the transistors 124, 126, 128, and 130 are high voltage transistors as
indicated in FIG. 6 by the relatively thicker gates. Note that unlike the embodiments
illustrated in FIGs. 2 - 5, discharge rate control circuit 110 does not require the use of
voltages Vpos or VL. '

In operation, discharge rate control circuit 110 discharges the erase voltages from the
terminals of the memory cells in FIG. 1 using one or more of the plurality of transistors 112
by asserting one or more of control signals Vswi, Vswz, Vsws, and Vsws. In one embodiment
of FIG. 6, each of transistors 116, 118, 120, and 122 have the same length and width and will
therefore provide substantially the same current flow. In this embodiment, the discharge rate
is determined by how many of transistors 116, 118, 120, and 122 are made conductive.
Generally, the erase voltage should be initially discharged at a relatively low rate by first
asserting only one of the control signals Vswi, Vswa2, Vsws, and Vswa, for example control
signal Vgw,. After a predetermined time, one or more of the other control signals are asserted
in addition to Vgw to increase the discharge rate as desired. The use of four parallel-
connected transistors in the illustrated embodiment allows up to four different discharge rates.
In other embodiments, there may be more than four or fewer than four parallel-connected
transistors to discharge the erase voltages. In another embodiment, the transistors 116, 118,
120, and 122 are each sized to provide different currents. In this embodiment, each of the
transistors may be sequentially made conductive to provide additive currents, or may be
controlled so that only one transistor is conductive at a time. The discharge charge rate is
determined by the combination of transistors 116, 118, 120, and 122 chosen to be conductive.
The control logic necessary to provide control signals Vswi, Vswa, Vsws, and Vswa is
determined by the application. In one embodiment, the control signals may be provided by a
data processor (not shown) used to control operation of memory 10. In another embodiment,
the control signals may be provided by a separate control circuit (not shown) used to control
memory 10.

As stated above, protection circuit 114 pfovides high voltage protection to protect the
plurality of transistors 112 from damage caused by exposure to the relatively high erase and
programming voltages. Because of protection circuit 114, transistors 116, 118, 120, and 122

can use a thinner gate oxide that is rated at a relatively lower voltage than the transistors of
11
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protection circuit 114. This results in a lower threshold voltage (V) and a higher
conductance (Gm). Also, the lower Vt provides for smaller process variation between
transistors 116, 118, 120, and 122. The smaller process variation results in less impedance
variation.,

In protection circuit 114, N-channel transistor 128 is provided to prevent a voltage at
node N1 from ever being positive. In the illustrated embodiment, the bias voltage Vn is an
N-channel threshold voltage of about 0.6 volts. In other embodiments, the bias voltage Vy
may be different and depends on the particular process technology used to manufacture
memory 10.

In the foregoing specification, the invention has been described with reference to
specific embodiments. However, one of ordinary skill in the art will appreciate that various
modifications and changes can be made without departing from the scope of the present
invention as set forth in the claims below. Accordingly, the specification and figures are to be
regarded in an illustrative rather than a restrictive sense, and all such modifications are
intended to be included within the scope of the present invention.

Benefits, other advantages, and solutions to problems have been described above with
regard to specific embodiments. However, the benefits, advantages, solutions to problems,
and any element(s) that may cause any benefit, advantage, or solution to occur or become
more pronounced are not to be construed as a critical, required, or essential feature or element

"ot

of any or all the claims. As used herein, the terms "comprises,” "comprising,” or any other
variations thereof, are intended to cover a non-exclusive inclusion, such that a process,
method, article, or apparatus that comprises a list of elements does not include only those
elements but may include other elements not expressly listed or inherent to such process,

method, article, or apparatus.
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Claims

What is claimed is:

An integrated circuit comprising:
an array of non-volatile memory cells, each memory cell of the array having a
charge storage region and a plurality of terminals; and
a discharge rate control circuit for controlling a discharge rate of one or more
of the plurality of terminals of an erased memory cell, the discharge
rate control circuit comprising a plurality of parallel-connected
transistors coupled between the one or more of the plurality of

terminals and a power supply terminal.

The integrated circuit of claim 1, wherein the array of non-volatile memory cells

comprises an array of flash memory cells.

The integrated circuit of claim 1, wherein one or more transistors of the plurality of
parallel-connected transistors are conductive for a first predetermined time to provide
a first discharge rate, and one or more transistors of the plurality of parallel-connected
transistors are conductive for a second predetermined time to provide a second

discharge rate higher than the first discharge rate.

The integrated circuit of claim 1, wherein the plurality of terminals comprises a

control gate, a drain, and a source.

The integrated circuit of claim 1, wherein the drain of each of the memory cells of the
array is coupled to a corresponding bit line and all of the sources of the array are

coupled together.

The integrated circuit of claim 1, further comprising a high voltage protection circuit

for protecting the plurality of parallel-connected transistors from damage due to

exposure to relatively high erase voltages.
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10.

11.

The integrated circuit of claim 1, wherein each transistor of the plurality of parallel-
connected transistors has a first current electrode coupled to a first power supply
voltage terminal, a control electrode for receiving a control signal, and a second

current electrode.

The integrated circuit of claim 7, further comprising:

a first transistor having a first current electrode coupled to the second current
electrode of each transistor of the plurality of parallel-connected
transistors, a control electrode for receiving a first bias voltage, and a
second current electrode;

a second transistor having a first current electrode and a control electrode both
coupled to the second current electrode of the first transistor, and a
second current electrode;

a third transistor having a first current electrode coupled to the second current
electrode of the second transistor, a control electrode for receiving a
second bias voltage, and a second current electrode; and

a fourth'transistor having a first current electrode and a control electrode both
coupled to the second current electrode of the third transistor, and a
second current electrode coupled to a second power supply voltage

terminal.

The integrated circuit of claim 8, wherein the first, second, third, and fourth transistors
have a relatively thicker gate oxide than a gate oxide of the plurality of parallel-

connected transistors.

The integrated circuit of claim 1, wherein the charge storage region is a floating gate

of a flash memory cell.

An integrated circuit comprising:
an array of non-volatile memory cells, each memory cell of the array having a
control gate, a source, a drain, a first well terminal, and a second well

terminal; and

14
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12.

13.

14.

15.

16.

17.

a discharge rate control circuit for controlling discharging of erase voltages
from the control gate, the source, the drain, the first well terminal and
the second well terminal of an erased memory cell after an erase
operation of the array of non-volatile memory cells, the discharge rate
control circuit comprising a plurality of parallel-connected transistors
coupled between the array of non-volatile memory cells and a power

supply terminal.

The integrated circuit of claim 11, wherein the array of non-volatile memory cells

comprises an array of flash memory cells.

The integrated circuit of claim 11, wherein one or more transistors of the plurality of
parallel-connected transistors are conductive for a first predetermined time to provide
a first discharge rate, and one or more transistors of the plurality of parallel-connected
transistors are conductive for a second predetermined time to provide a second

discharge rate higher than the first discharge rate.

The integrated circuit of claim 11, wherein the drain of each of the memory cells of
the array is coupled to a corresponding bit line and all of the sources of the array are

coupled together.

The integrated circuit of claim 11, further comprising a high voltage protection circuit
for protecting the plurality of parallel-connected transistors from damage due to

exposure to relatively high erase voltages.

The integrated circuit of claim 11, wherein each transistor of the plurality of parallel-
connected transistors has a first current electrode coupled to a first power supply
voltage terminal, a control electrode for receiving a control signal, and a second

current electrode.

The integrated circuit of claim 16, further comprising:
a first transistor having a first current electrode coupled to the second current

electrode of each transistor of the plurality of parallel-connected
15
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transistors, a control electrode for receiving a first bias voltage, and a
second current electrode;

a second transistor having a first current electrode and a control electrode both
coupled to the second current electrode of the first transistor, and a
second current electrode;

a third transistor having a first current electrode coupled to the second current
electrode of the second transistor, a control electrode for receiving a
second bias voltage, and a second current electrode; and

a fourth transistor having a first current electrode and a control electrode both
coupled to the second current electrode of the third transistor, and a
second current electrode coupled to a second power supply voltage

terminal.

18. The integrated circuit of claim 17, wherein the first, second, third, and fourth
transistors have a relatively thicker gate oxide than a gate oxide of the plurality of

parallel-connected transistors.

19. A method for controlling a discharge rate of an erase voltage applied to a non-volatile
memory cell, the non-volatile memory cell having a plurality of terminals, the method
comprising:

providing a plurality of parallel-connected transistors coupled between one or
more terminal(s) of the plurality of terminals;

erasing the non-volatile memory cell by applying the erase voltage to the non-
volatile memory cell;

discharging the erase voltage through one or more transistors of the plurality of
parallel-connected transistors at a first discharge rate for a first time
period; and

discharging the erase voltage through one or more transistors of the plurality of
parallel-connected transistors at a second discharge rate for a second
time period, wherein the second discharge rate is higher than the first

discharge rate and the second time period follows the first time period.
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20.

21.

22.

23,

24.

25.

The method of claim 19, wherein the plurality of terminals comprises a control gate, a
floating gate, a source, a drain, and a well region, the well region being in a

semiconductor substrate.

An integrated circuit, comprising:
an array of non-volatile memory cells, each memory cell of the array having a
charge storage region and a plurality of terminals; and
a discharge rate control circuit for controlling a discharge rate of one or more
of the plurality of terminals of an erased memory cell, the discharge
rate control circuit comprising:
a reference current generator for providing a reference current; and
a first current mirror, coupled to the reference current generator, for
providing a first predetermined discharge current for
discharging a first predetermined terminal of the plurality of

terminals after the erase operation.

The integrated circuit of claim 21, wherein the discharge rate control circuit is for
discharging all of the plurality of terminals at a rate determined to reduce voltage
overshoot due to capacitive coupling between one or more of the plurality of

terminals. -

The integrated circuit of claim 22, wherein the plurality of terminals comprises a

control gate, a drain, and a source.

The integrated circuit of claim 21, wherein the first and second predetermined
terminals are both discharged at a first rate for a first predetermined time period and
discharged at a second rate for a second predetermined time period, wherein the

second rate is higher than the first rate.

The integrated circuit of claim 21, wherein the first predetermined terminal of the
plurality of terminals is discharged at a first rate for a first predetermined time period
and discharged at a second rate for a second predetermined time period, wherein the

second rate is higher than the first rate.
17
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26.  The integrated circuit of claim 21, further comprising a second current mirror, coupled
to the reference current generator, for providing a second predetermined discharge
current for discharging a second predetermined terminal of the plurality of terminals

after the erase operation.

27.  The integrated circuit of claim 26, wherein the second current mirror comprises:

a first transistor having a first current electrode and a control electrode both
coupled to the reference current generator, and a second current
electrode coupled to a first supply voltage terminal;

a second transistor having a first current electrode capable of being selectively
coupled to the well terminal of each of the array of memory cells, a
control electrode coupled to the reference current generator, and a

second current electrode coupled to the first supply voltage terminal.

28.  The integrated circuit of claim 21, wherein the first current mirror comprises:

a third transistor having a first current electrode and a control electrode both
coupled to the reference current generator, and a second current
electrode selectively coupled to the source and drain of each memory
cell of the array of memory cells; and

a fourth transistor having a having a first current electrode coupled to a source
of each memory cell of the array of memory cells, a control electrode
coupled to the reference current generator, and a second current
electrode selectively coupled to the control gate of each memory cell of

the array of memory cells.

29.  The integrated circuit of claim 21, further comprising a third current mirror, the third
current mirror having an input for receiving the second predetermined discharge
current, the third current mirror providing a discharge path from predetermined
terminals of each memory cell of the array, for recycling charge from the

predetermined terminals to a supply voltage terminal.

18



10

15

20

25

30

WO 2006/118601 PCT/US2005/037070

30.

31.

32.

33.

34.

35.

36.

The integrated circuit of claim 21, wherein the discharge rate control circuit further
comprises a second reference current generator coupled to the first and second current
mirrors.

The integrated circuit of claim 21, wherein the drain of each of the memory cells of
the array is coupled to a corresponding bit line and all of the sources of the array are

coupled together.

The integrated circuit of claim 21, wherein the charge storage region is a floating gate

of a flash memory cell.

An integrated circuit, comprising:

an array of non-volatile memory cells, each memory cell of the array having a
control gate, a source, a drain, and a well terminal;

a reference current generator for providing a reference current;

a first current mirror, coupled to the reference current generator, for providing
a first predetermined discharge current for discharging the control gate
of each memory cell of the array of non-volatile memory cells after an
erase operation of the array; and

a second current mirror, coupled to the reference current generator, for
providing a second predetermined discharge current for discharging the
well terminal of each memory cell of the array of non-volatile memory

cells after the erase operation of the array.

The integrated circuit of claim 33, wherein the array is erased by applying a positive
voltage to the well terminal of each memory cell while applying a negative voltage to

the control gate of each memory cell.

The integrated circuit of claim 33, wherein the array comprises a plurality of flash

memory cells.

The integrated circuit of claim 33, wherein the control gate, the drain, the source and

the well terminal are all discharged at a rate whereby a discharge voltage overshoot,
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37.

38.

39.

40.

41.

caused by capacitive coupling between one or more memory cell terminals, is

minimized.

The integrated circuit of claim 33, wherein the control gate is discharged at a first rate
for a first predetermined time period and discharged at a second rate for a second

predetermined time period, wherein the second rate is higher than the first rate.

The integrated circuit of claim 33, wherein the control gate and the well terminal are
both discharged at a first rate for a first predetermined time period and discharged at a
second rate for a second predetermined time period, wherein the second rate is higher

than the first rate.

The integrated circuit of claim 33, wherein each of the memory cells further comprises
a deep well terminal coupled to the second current mirror, wherein the deep well

terminal is discharged by second discharge current after the erase operation.

An integrated éircuit comprising:
an array of non-volatile memory cells, each memory cell of the array having a
control gate, a source, a drain, a first well terminal, and a second well
terminal; and
a discharge rate control circuit for controlling discharging of erase voltages
from the control gate, the source, the drain, the first well terminal and
the second well terminal of an erased memory cell after an erase

operation of the array of non-volatile memory cells.

The integrated circuit of claim 40, wherein the discharge rate control circuit
comprises:
a reference current generator for providing a reference current; and
a plurality of current mirrors for providing a plurality of discharge currents in
response to the reference current, the plurality of current mirrors for

discharging the erase voltages at a plurality of predetermined rates.
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42,

43.

44.

45.

46.

47.

The integrated circuit of claim 40, wherein a discharge rate of the erase voltages is
determined to reduce voltage overshoot due to capacitive coupling between one or
more of the control gate, the source, the drain, the first well terminal and the second

well terminal.

The integrated circuit of claim 40, wherein the array of non-volatile memory cells

comprises an array of flash memory cells.

The integrated circuit of claim 40, wherein the control gate is discharged at a first rate -
for a first predetermined time period and discharged at a second rate for a second

predetermined time period, wherein the second rate is higher than the first rate.

The integrated circuit of claim 40, wherein the control gate and the first well terminal
are both discharged at a first rate for a first predetermined time period and discharged
at a second rate for a second predetermined time period, wherein the second rate is

higher than the first rate.

A method for controlling a discharge rate of an erase voltage applied to a non-volatile
memory cell, the non-volatile memory cell having a plurality of terminals, the method
comprising:
providing a reference current;
mirroring the reference current to provide a first mirrored current for
discharging a first terminal of the plurality of terminals at a first
discharge rate for a first predetermined time; and
mirroring the reference current to provide a second mirrored current for
discharging a second terminal of the plurality of terminals at a second

discharge rate for a second predetermined time.
The method of claim 46, wherein the plurality of terminals comprises a control gate, a

floating gate, a source, a drain, and a well region, the well region being in a

semiconductor substrate.
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48.  The method of claim 46, wherein the first discharge rate is approximately equal to the
second discharge rate and the first predetermined time is approximately equal to the

second predetermined time.

5 49.  The method of claim 46, further comprising:
discharging the first terminal at a third discharge rate for a third predetermined
time; and
discharging the second terminal at a fourth discharge rate for a fourth
predetermined time.

10
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