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The present invention pertains to the field of computer memories.
More pértibularly, this invention relates to circuitry and a method for
selecting a drain programmihg voltage for a floating gate nonvolatile
memory in order to compensate for differences in programming ability.

BACKGROUND OF THE INVENTION

At least one type of prior flash erasable and electrically
programmable read-only memory (“flash EPROM") uses memory cells
that include electrically isolated gates, which are referred to as floating
gates. Information is stored in the memory cells in the form of charge on
the floating gates. Figure 1 illustrates the structure of one memory cell

10 used in one type of prior flash EPROM.

Memory cell 10 includes a

drain region 13 and a source region 14 in a substrate 15. Source
region 14 and drain region 13 are asymmetrically doped with an arsenic
dopant and source region 14 is additionally doped with a phosphorous
dopant. A polysilicon floating gate 12 is generally disposed above and
between these regions and insulated from these regions by an

insulating layer 16. Floating gate 12 at the
completely surrounded by insulating layers

completion of processing is
and hence electrically floats.

A second gate (i.e., a control gate) 11 is disposed above floating gate

12 that is fabricated from a second layer of

polysilicon. A second

insulating layer 17 separates floating gate 12 from control gate 11.
The memory cells of that prior flash EPROM are programmed by

hot electron injection. Each of the memory
having a fioating gate. Energetic electrons

cells is a MOS transistor
are created in the silicon

channel. The electrons are attracted.and captured into the ﬂoating_gate,
thus altering the threshold voitage of that memory cell. The threshold
voltage is the minimum amount of voltage that must be applied to the
control ijate before the memory cell is turned "on" to permit conduction
between its source and drain region. The threshold voltage




.drain region 13 and a source region 14 in a substrate 15. Source region 14
and drain region 13 are asymetrically doped with an arsenic dopant and
source region 14 is additionally doped with a phosphorous dopant. A
polysilicon floating gate 12 is generally di sposed above and between these
regions and insulated fromthese regions by an insulating |ayer 16.

Floating gate 12 at the conpletion of processing is conpletely surrounded
by insulating | ayers and hence electrically floats. A second gate (i.e., a
control gate) 11 is disposed above fl@ating gate 12 that is fabricated from
a second | ayer of polysilicon. A second insulating |ayer 17 separates
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potential of approximately +12 volts, drain region 13 to a drain
programming potential of approximately +7 volts, and source region 14
to ground. Under these conditions, channel hot electron injeétion
occurs through oxide layer 16. The electrons deposited on floating gate
12 of memory cell 10 causes the threshold voltage of memory cell 10 to
rise. Memory cell 10 is now programmed to have a programmed
threshold voltage Vrp.
To erase cell 10, drain region 13 is floated, control gate 11 is
grounded and an erasure potential of approximately +12 volts is applied
- to source region 14. Under these conditions, charge is tunneled from
floating gate 12 to source region 14. This removes the electrons
deposited on floating gate 12 of memory cell 10, causing the threshold
voltage of memory cell 10 to decrease. Memory cell 10 is now erased to
have an erased threshold voltage VTE.
To read cell 10, a positive read potential less than that which
would cause charge to transfer onto floating gate 12 is applied to control
gate 11 (e.g., 5 volts) and a potential (e.g., 1 volt) is applied to drain
region 13. Current through the device is sensed to determine if floating
gate 12 is or is not negatively charged. _
The speed at which memory cell 10-is programmed largely
depends on the programming ability of cell 10 and the programming
voltages applied to cell 10. The programming ability of cell 10 affects
the programmed threshold voitage Vtp of the cell. One of the factors
that affects the programming ability of cell 10 is the effective channel
length Legt of the cell. Another factor is the peripheral circuitry that
performs the programming operation to cell 10. For purposes of
sii‘nplicity, the effective channel length Legs of the cell can be considered
as quantifying the process variations and other variations. For example,



.2 characteristic of the nenory cell is controlled by the anount of charge

that is retained on the floating gate of the nenory cell. Such a cell is
now said to be "progranmed." The programm ng characteristics of a cell are
exponential with respect to tine. Menory cell 10 is progranmed

(i.e., negatively charging the floating gate) by coupling control gate 11
to a gate programm ng potential of approximtely +12 volts, drain region 13
to a drain progranm ng potential of approximately +7 volts, and source
region.14 to ground. Under these condgtions, channel hot electron injection
occurs through oxide | ayer 16. The el ectrons deposited on floating gate 12
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(e.g.. 1 vol t)ceils"loav%eln%hetecf)fegtri\% ghannel length Legs of cell 10 is 0.4um. As can

be seen from Figure 2A, if the effective channel length Lyt is relatively

longer, the programming time for cell 10 to reach the same threshold

voltage will accordingly be longer when the programming voltages

applied to cell 10 remain unchanged.

One disadvantage of a prior flash EPROM is that there are
variations in effective channel length from cell to cell and variations in
mean effective channel length for the flash EPROM from die-to-die and
from fabrication lot to fabrication lot. In other words, a flash EPROM
produced in one fabrication lot would, for example, typically have a
different mean effective channel length from a flash EPROM produced in
a different fabrication-lot. This is so even though both flash EPROMs are
of the same type. As noted above, these variations in effective channel
length and mean effective channel length are due to process variations
and other variations. The difference in the mean effective channel
lengths of flash EPROMSs typically causes the programming time to vary
from flash EPROM to flash EPROM when the prior flash EPROMSs with
different effective channel lengths are programmed using the same
programming voltages. The programming time of a floating gate flash
EPROM cell varies inversely with respect to the drain programming
voltage applied to the drain region of the cell during programming.
Figure 2B illustrates the relationship of the threshold voltage V of i
memory cell 10 during programming with respect to the programming
time and the programming drain voltage Vp applied to memory cell 10.
Memory cell 10 has a given programming ability in Figure 2B.



.region 13. Current through the device is sensed to deternmne if floating
gate 12 is or is not negatively charged. The speed at which nenory
cell 10 is programmed |argely depends on the progranmng ability of cell 10
and the progranm ng voltages applied to cell 10. The programm ng ability of

cell 10 affects the programed threshold voltage V[err] of the cell. One of
the factors that affects the programming ability of cell 10 is the
effective channel length Leff of the cell. Another factor is the peripheral

circuitry that perfornms the programmigg operation to cell 10. For purposes
of sinplicity, the effective channel length L[err] of the cell can be
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24 illustrates the relationship between the threshold voltage and the
programming time of cell 10 when the programming drain voltage Vp is
approximately 5 volts. As can be seen from Figure 2B, if the

~ programming drain voitage Vp is relatively higher, the programming
time for cell 10 to reach the same threshold voltage will accordingly be

shorter when the programming ability of memory cell 10 remains the

same.
Figure 3 shows the circuitry of a prior drain programming voitage
~ generation circuit 30-for generating a drain programming voltagé for
programming memory cells of a prior flash EPROM. Once drain
programming volitage generation circuit 30 is fabricated, the drain
programming voltage generated by circuit 30 cannot be adjusted to
compensate for any variation in the effective channel iength Legs of the
prior flash EPROM.

Prior flash EPROMs typically include content addressable
memory ("CAM") cells. The CAM cells are typically used to perform
certain configuration and management functions. The CAM cells can be
programmed to configure the flash EPROMs with respect to device
operations. The CAM celis can also be used to activate (or deactivate)

- redundancy celis and reference cells with respect to the main memory
array. The CAM cells are typically programmed with the configuration
information before the flash EPROM reaches the end user as a final
product. |



.programm ng tine and the effective channel |ength Leff. In Figure
2A, curve 21 is an exanple of the relationship between the threshold

vol tage and the programring tine of cell 10 when the effective channel

|l ength Leff of cell 10 is 0.3[err]. Curve 22 indicates the relationship

bet ween the threshold voltage and progranmng time of cell 10 when the
effective channel length L[err]of cell 10 is 0.4[err]. As can be seen from
Figure 2A, if the effective channel length L[err] is relatively |onger, the
programming tine for cell 10 to reachbthe same threshold voltage wll
accordingly be | onger when the programm ng vol tages applied to cell 10
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Another object of the present invention is to provide circuitry and
a method for minimizing the variations in programming times and
programmed threshold voltages among nonvolatile memories.
Another object of the present invention is to help ensure better
uniformity of programming times and programmed threshold voltages
among nonvolatile memories by individually selecting a drain
programming voltage for each nonvolatile memory.
A further object of the present invention is to obtain a relatively
tight distribution of programmed threshold voltages and programming
times.
Another object of the present invention is maintain a relatively
tight distribution of flash EPROM programming times from die-to-die and
from fabrication lot to fabrication lot.
A method for using a drain programming voltage to minimize
variations in programming ability of a nonvolatile memory is described.
The programming ability of the nonvolatile membry is first determined
after the nonvolatile memory is fabricated. The drain programming
voltage is then set in accordance with the programming ability of the
nonvolatite memory measured such that the nonvolatile memory can be
programmed to have a predetermined programmed threshold voltage
with a predetermined gate programming voltage for a predetermined
programming time.



.menory cell 10 during programmng with respect to the programmng tinme and
the programmng drain voltage V[err] applied to memory cell 10. Menory cel
10 has a given programing ability in Figure 2B.

4 In Figure 2B, curve 23 is an illustration of the relationship

bet ween the threshold voltage and the programm ng tinme of cell 10 when the
programm ng drain voltage V[err] is approximately 6 volts. Curve 24
illustrates the relationship between the threshold voltage and the
programm ng tine of cell 10 when the forogramm ng drain voltage V[err] is
approximately 5 volts. As can be seen fromFigure 2B, if the progranm ng

drain vol :ﬁge VL er T4 nbAvelate sriory Rediipg o Eesnﬁlgljléwu@ﬁtfafwlstdé&rfb@d cell 10
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a control gate, and a floating gate. A drain programming voltage
generatlon circuit is coupled to a programming voltage source and the
drain region of the memory cell for providing a drain programming
voltage to the drain region of the memory cell during programming of
the memory cell. A control circuit is coupled to the drain programming
voltage generation circuit for causing the drain programming voitage to
vary with respect to the programming ability of the memory cell such that
the memory cell is programmed to be within a predetermined range of a
predetermined threshold voltage with a predetermined gate
programming voltage for a predetermined programming time.

A method for setting a drain programming voitage of a nonvolatile
memory is also described. A first value corresponding to a first voitage
level of the drain programming voltage is set. The first value is then sent
to a drain programming voltage generation circuit of the nonvolatile
memory such that the drain programming voltage generation circuit
generates the drain programming voitage in accordance with the first
value. A plurality of unprogrammed memory cells of the nonvolatile
memory are then selected for programming by applying the drain
programming voltage to the selected plurality of unprogrammed
memory cells for a predetermined programming time. The threshold
voltage of one of the selected memory cells is measured after
programming. The threshold voltage measured is then compared with a
predetermined programmed threshold voltage for the nonvolatile
memory. If the voitage level of the threshold voltage measured is not
within a predetermined range of the predetermined programmed
threshold voltage, then the drain programming voltage is changed. The
process is then repeated. if the voltage level of the threshold voltaée
measured substantially matches that of the predetermined programmed
threshold voltage, then the first value is stored in the nonvolatile
memory to constantly control the drain programming voltage generatior:f;:'
circuit to generate the drain programming voltage in accordance with -



.generation circuit 30 for generating a drain programmng voltage for
programm ng menory cells of a prior flash EPROM Once drain programm ng
vol tage generation circuit 30 is fabricated, the drain programming voltage
generated by circuit 30 cannot be adjusted to conpensate for any variation
in the effective channel length L[err] of the prior flash EPROM

Prior flash EPROVs typically include content addressable nenory (" CAM)
cells. The CAMcells are typically used to performcertain configuration
and managenent functions. The CAM cel ¥s can be programmed to configure the
.flash EPROVE with respect to device operations. The CAMcells can al so be
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user as a fi naérogq@,qm]ﬁg time.
Other objects, features, and advantages of the present invention

will be apparent from the accompanying drawings and from the detailed
description that follows below.



- SUMVARY AND OBJECTS OF THE | NVENTI ON One of the objects of the
present invention is to provide circuitry and a nethod for selecting a
drain progranm ng voltage for a-nonvolatile nmenory in order to conpensate
for differences in progranming ability. Anot her object of the
present invention is to provide circuitry and a method for measuring the
programming ability of a nonvolatile nmenory after fabrication and then
setting the drain programm ng voltage for the nonvolatile nenory in
accordance with the neasured program@ ng ability such that the nonvol atile
nmenory can be programred to a predeterm ned progranmed threshold voltage

wi thin a predgREFDESCORIPYIGNDRNTHE DRAWINGS Anot her obj ect of the
present invention to provide circuitry .angd rcu %#%fﬁaéﬁ od for i m.zing the
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Figure 2B is another voltage-time diagram illustrating the
threshold voltage of the memory cell of Figure 1 with respect to the
programming time and the programming drain voltage applied to the
memory cell during programming;
Figure 3 is a circuit diagram of a prior drain programming voltage
generation circuit for a flash EPROM,;
Figure 4 is a block diagram of a flash EPROM that includes a
drain programming voltage generation circuit, configuration logic, and

configuration cells;

Figure 5 is a block diagram of the flash EPROM of Figure 4
connected to a test system; '

Figures 6A and 6B are flow chart diagrams that show the process
of setting the voltage level of the drain programming voltage;

Figure 7 is a circuit diagram of the drain programming voltage
generation circuit of Figure 4,

Figure 8 is a block diagram of the configuration logic and the
configuration cells of Figure 4;

Figure 9 is a circuit diagram that shows another embodiment of
the drain programming voitage generation circuit of Figure 4;

Figure 10 is a circuit diagram that shows another,embodiment of
the drain programming volitage generation circuit of Figure 4; and )

Figure 11 is a circuit diagram that shows a further embodiment of
the drain programming voltage generation circqi__f of Figure 4.



variations in programmng ability of a nonvolatile nmenory is described. The
programming ability of the nonvolatile memory is first determned after the
nonvol atile menory is fabricated. The drain programm ng voltage is then set
i n accordance with the programmng ability of the nonvolatile nenory
nmeasured such that the nonvolatile nenory can be programred to have a
predeterm ned programred threshold voltage with a predeterm ned gate

programming voltage for a predeterm ned progranmng tine. _ _
6 A nonvol atile nenory residify on a singl e substrate is described.
The nonvol atile nmenory includes a nmenory array having at | east one nenory

cell. The nmemBTAREBD DESCEHBRTIONIr ai n region, a s?urce region, a CQPEL?L
' - ' eration ci
e Coupled to a pr ot e A B JaBleBtpE IRe AP GRS FEae o “the
menory cel | f @faiprAsegwEmEuing apkiage geogration cigeuit 50 and configuration logic
51. Flash EPROM 40 includes a memory array 41, which is made up of
floating gate flash EPROM cells that store data at addresses. For one
embodiment, memory array 41 stores 8 megabits of data. For another
embodiment, memory array 41 stores 16 megabits of data. For
alternative embodiments, memory array 41 can be smaller or larger.
Flash EPROM 40 can be used in various types of computer systems.
As will be described in more detail below, the drain programming
voltage for programming memory cells of flash EPROM 40 is selected
after fabrication to help to avoid large variations in programming times
and programmed threshold voitages between flash EPROM 40 and
other flash EPROMSs. ' '
The programming ability of flash EPROM 40 is first measured
after flash EPROM 40 is fabricated. The drain programming voltage is
then set in accordance with the programming ability of flash EPROM 40
measured such that flash EPROM 40 is programmed to have a
predetermined programmed threshold voltage with a predetermined
gate programming voltage for a predetermined programming time.
For one embodiment, each of the memory cells in memory array
41 stores a single bit of data at one time. For another embodiment,
each of the memory cells in the memory array 41 stores multiple bits of
data at one time. For one embodiment, all the circuitry of flash EPROM
40 shown in Figure 4 resides on a single substrate and employs CMOS
circuitry. .
Flash EPROM 40 includes an X decoder 42 and a Y decoder 43
coupled to memory array 41. X decoder 42 is the row decoder for
memory array 41 and Y decoder 43 is the column decoder for memory
array 41. _ . )
Flash EPROM 40 also includes an on-chip control circuitry 46 that
controls the memory operations of flash EPROM 40. Control circuitry 46
includes an address latch for latching the addresses applied from
external circuitry (not shown) to X and Y decoders 42 and 43 via bus 60.



voltage to the drain region of the nmenory cell during programm ng of the
menory cell. A control circuit is coupled to the drain programm ng vol tage
generation circuit for causing the drain progranm ng voltage to vary with
respect to the programring ability of the nmenory cell such that the nmenory
cell is progranmed to be within a predeterm ned range of a predeterm ned
threshold voltage with a predeterm ned gate progranm ng voltage for a

pr edet er mi ned progranm ng ti ne. A nmethod for setting a drain
progranm ng vol tage of a nonvolatile Tenory is also described. A first

val ue corresponding to a first voltage Ievel of the drain programm ng
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“Control circuitry 46 receives a chip enable CE signal, an output enable
OE signal, and a write enable WE signal. The chip enable signal CE
is used for device selection of flash EPROM 40. The output enable
signal OE is the output control for flash EPROM 40, dependent on
device selection. - The write enable signal WE -allows writes to control
circuitry 46 while the chip enable signal CE is active low.

Control circuitry 46 is also coupled to a PWD pin. The PWD pin
supplies a power down control signal to control circuitry 46. The power
down control signal PWD is an active low signal that causes flash
EPROM 40 to enter the power down mode. Flash EPROM 40 retums to
normal operation modes when the active PWD signal is deasserted.

Control circuitry 46 also includes a test mode circuit 47. Test
mode circuit 47 causes flash EPROM 40 to enter the test mode when a
high voltage of approximately 12 volts is applied to the PWD pin of flash

'EPROM 40. In the test mode, a series of tests can be conducted to
determine whether flash EPROM 40 meets its device specifications. As
shown in Figure 5, an external test system 85 is used to control the tests
on flash EPROM 40. In addition, test system 85 also controls contro!
circuitry 46 to configure flash EPROM 40 during and after the tests.

Flash EPROM_-{iQ also includes a drain programming voltage
generation circuit 50 and a configijration logic 51. Drain programming
voltage generation circuit 50 generates a drain programming voltage




.circuit to generate the drain programm ng voltage in accordance with

7 the first value such that the nonvolatile menory is programmed to the
predet erm ned programred threshold voltage wthin the predeterm ned
progranm ng ti ne. O her objects, features, and advant ages of the
present invention will be apparent fromthe acconpanyi ng draw ngs and from
the detailed description that foll ows bel ow

11

Vpp that is applied to the drain of selected memory cells of memory
array 41 during programming. After flash EPROM 40 is fabricated but
before it reaches the end user, conﬁguration Iogic 51 is used to adjust
the voltage level of the drain programmmg voltage Vpp generated by
circuit 50.

Process variations and other variations from flash EPROM to
flash EPROM lead to differences in programming abilities among flash
EPROMs. Different voitage levels of drain programming voltage Vpp
can have the effect of (1) slowing down the otherwise fast programming
celis or (2) speeding up the otherwise slow programming cells. By
selecting a target programming time and a target programmed threshold
voltage, and then using voltage generation circuit 50 and configuration
logic 51 to generate and select an appropriate drain programming
voltage Vpp for flash EPROM 40, the actual programming time and
programmed threshold voitage of flash EPROM 40 can be made to be
close to the target programming time and the target programmed
threshold voltage. This helps to ensure that the deviation of the target
programming ability of flash EPROM 40 is compensated for. This
method, when applied to a production run of flash EPROMs, helps to
minimize the differences in programming ability among the flash
EPROMSs. In other words, the programming times and the programmed
threshold voltages of the flash EPROMSs are more uniform and are
closer to the target programming time and the target programmed
threshold voltage.

Flash EPROM 40 also includes configuration cells 45.
Configuration cells 45 are located peripheral to memory array 41.
Configuration logic 51 and voitage generation circuit 50 in conjunction
with configuration cells 45 cause a drain programming voltage Vpp to
be selected for flash EPROM 40. Each of configuration cells 45 is a
CAM cell.
| Flash EPROM 40 also includes other configuration cells (not
shown) in addition to configuration cells 45. B

Vpp is the program/erase power supply voltage for flash EPROM
40. Vpp is also coupled to drain programming voltage generahon circuit



.8 BRI EF DESCRI PTI ON OF THE DRAW NGS The present invention is
illustrated by way of exanple and not limtation in the figures of the
acconpanyi ng drawi ngs, in which-like references indicate simlar elenents
and i n which: Figure 1 is a schematic diagramof a floating gate
menory cell of a flash EPROM Figure 2A is a voltage-tine diagram
illustrating the threshold voltage of the nenory cell of Figure 1 with
respect to the programming tine and the effective channel |ength of the
menory cell; Figure 2B is anotfher voltage-time diagramillustrating
the threshold voltage of the nenory cell of Figure 1 with respect to the
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of Figure 4 connectAflet fltash EPROMWY islfabricated bubbgforest reachesitidBende fl ow
chart diagr ansuster}aﬁassfpgﬂﬁ(j)qﬁl X6 &hhected to test system 85 for determining the
appropriate drain programming voltage Vpp as shown in Figure 5. Test
system 85 is a computer controlled test system. Test system 85 causes
flash EPROM 40 to enter the test mode. Test system 85 sends the
appropriate commands, addresses, and data to flash EPROM 40 via
buses 62-63 to determine the appropriate drain programming voltage
Vpp for flash EPROM 40. The process of determining and setting the
appropriate drain programming voltage Vpp is implemented by a
software program that is executed in test system 85.

As shown in Figures 6A and 6B, after test system 85 causes flash
EPROM 40 to enter the test mode, the process begins at step 101 at
which test system 85 sets the maximum programmed threshold volitage
VTpmax and the minimum programmed threshold voltage Vrpmin for
flash EPROM 40. The Vypmax Vvoltage represents the highest
programmed threshold voltage that is allowed for flash EPROM 40. The
VTpMmin voltage represents the lowest programmed threshold voltage
that is allowed for flash EPROM 40. By seﬁing the Vrpmax and VMmN
voltages, a voltage window is provided that allows the actual
programmed threshold voltage VT of flash EPROM 40 to vary within the
voltage window. For one embodiment, the VTpmax voltage is set at 6.8
volts and the VTpmin V_oltage is set at 6.0 voits. '

The programmed threshold voltage V1 should be at least
approximately 5.0 volts. To safeguard flash- EPROM 40 from aging, the
initial programmed threshold voitage should be set higher than 5.0
volts. Aging means that.the programmed threshold voltage V1 may drop
during the lifetime of flash EPROM 40.

The voltage window defined by the Vyppmax and Vrpmin voltage is
provided in order to allow the actual programmed threshold voltége of
the memory cells of flash EPROM 40 to vary within that range. This is



.of setting the voltage | evel of the drain progranmm ng voltage;

Figure 7 is a circuit diagramof the drain programm ng vol tage generation
circuit of Figure 4; Figure 8 is a block diagramof the configuration
l'ogi c and the configuration cells of Figure 4, Figure 9 is acircuit
di agram t hat shows anot her enbodi nent of the drain progranmm ng voltage
generation circuit of Figure 4; Figure 10 is a circuit diagramthat
shows anot her enbodi nent of the drain progranm ng voltage generation
circuit of Figure 4; and Figure3ll is a circuit diagramthat shows a
further enbodi ment of the drain progranmm ng voltage generation circuit of

beSCR pri oy Pe0ause e progjemming ity s vary sight from TRILIRY
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| ogi c The voltage level of the VTpmax voltage is selected such that it
* will not cause overstress to the memory cells beirig programmed. The
voltage level of the VTpmin voltage is selected such that it will not cause
the programmed memory cells to be mistaken as erased cells.

Test system 85 then sets the gate programming voltage Vgp to a
predetermined value at step 102. For one embodiment, the gate
programming voltage Vgp is set at aporoximately 12 volts. Test system
85 then sets the programming time Tz for flash EPROM 40 to a
predetermined value at step 103.

For one embodiment, the programming time Tp is set within a
range from two microseconds to three microseconds. For an alternative
embodiment, the programming time T» can be set within a range from
four microseconds to six microseconcs. |

Test system 85 causes drain programming voltage generation
circuit 50 to generate the drain programming voltage Vpp via
configuration logic 51 at step 104. Test system 85 controls configuration
logic 51 to set the voltage level of the Vpp voltage generated by the
drain programming voitage generatior: circuit 50. Test system 85
accesses configuration logic 51 via control circuit 46 and bus 65 to
control the setting the voltage level of the Vpp voltage. The Vpp voltage
can be set at different voltage levels. The voltage levels of the Vpp
voltage can be set evenly apart or unsvenly apart.

For one embodiment, the Vpp voltage is set at four different
voltage levels. For this embodiment, the lowest voltage level of the Vpp
voltage is set at 5.1 voits. The seconc voltage level of the Vpp voltage is
set at 5.6 volts. The difference in voltage levels is 0.5 volts. The third
voltage level of the Vpp voltage is set at 5.8 volts. The difference in
voltage levels is 0.2 volts. The fourth voltage level of the Vpp volta—ge is
set at 6.2 volts. The difference in voltzge levels is 0.4 volts. The uneven
steps in voltage levels provide a quick ramp-up to the most likely
voltage levels, with a fine resolution for the programming time Tp. For



51. Flash EPROM 40 includes a nmenory array 41, which is made up of
floating gate flash EPROM cells that store data at addresses. For one
enbodi ment, nenory array 41 stores 8 negabits of data. For another

enbodi ment, nenory array 41 stores 16 negabits of data. For alternative
enbodi nents, nenory array 41 can be smaller or larger. Flash EPROM 40 can
be used in various types of conputer systens. As will be described
in nmore detail below, the drain programm ng voltage for programm ng nenory
cells of flash EPROM 40 is selected dHter fabrication to help to avoid

| arge variations in programmng times and progranmed threshold vol tages
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system 85 sends a control value associated with the highest voitage
value of the Vpp voltage to configuration logic 51 via control circuitry 46
and bus 65. Configuration logic 51 then controls drain programming
voltage generation circuit 50 to generate the Vpp voltage in accordance

“with the control value in configuration logic 51. For another
embodiment, test system 85 causes configuration logic 51 to start at the
lowest voitage level of the Vpp voltage at step 104.

At step 105, test system 85 selects a row of memory cells in
memory array 41 of flash EPROM 40 for programming. Test system 85
selects the row. For one embodiment, a memory row in memory array
41 of flash EPROM 40 includes 8192 ("8K") memory cells.

Test system 85 selects the memory rows for setting the drain
programming voltage Vpp during a device characterization process of
flash EPROM 40. in other words, the selected rows in this process are
preselected rows. These préSelected rows selected in the device
characterization process represent the array distribution of memory
array 41.

At step 106, test system 85 determines if the selected row of
memory array 41 is an unprogrammed row. If the selected row is not an
unprogrammed row, then test system 85 goes to step 117, at which flash
EPROM 40 is failed.

For an alternative embodiment, the selected row can be a slightly

programmed row.



Fl ash EPROM 40 al so i ncludes an on-chip control circuitry 46 that controls
the menory operations of flash EPROM 40. Control circuitry 46 includes an
address latch for latching the addresses applied fromexternal circuitry
(not shown) to X and Y decoders 42 and 43 via bus 60.

10 Control circuitry 46 also includes data buffers coupled to nmenory array
41 via bus 61 and Y gating 44 for buffering the data read from nenory array
41 or the data to be programmed into nenory array 41 at addresses.

Moreover, control circuitry 46 also ithcludes wite state circuitry and
command state circuitry. The wite state circuitry steps flash EPROM 40
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be applied to the gate of the selected row. Test system 85 controls

control circuitry 46 to apply the Vgp to the gate of the selected row. Test

system 85 also causes the Vpp voltage generated by drain

programming voltage generation circuit 50 to be applied to the drain of

the memory cells of the selected row. As described above, the voltage

level of the drain programming voltage Vpp is set by test system 85 via

configuration logic 51. Test system 85 then triggers control circuitry 46

of flash EPROM 40 to control the programming operation of the selected

row for the predetermined time Tp. Test system 85 causes control

- circuitry 46 to control the programming of the selected row for the

predetermined progfamming. time Tp. Control circuitry 46 does this by

changing the pulse width of the Vgp and Vpp voltages applied to the

selected row. The programming operation then stops at the end of the

predetermined programming time Tp. The predetermined programming

time Tp is stored in control circuitry 46.

At step 108, test system 85 detects through control circuitry 46 the
programmed threshold voltage V7 of each of the memory cells of the
selected row. Test system 85 determines the highest threshold voltage
VTH and the lowest threshold voltage V1L among the programmed
memory cells of the selected row. At step 109, test system 85 compares
the V1 voitage with the maximum programmed threshold voltage
VTpmax. Test system 85 also compares the VT voltage with the
minimum programmed threshold voltage VTpmiN-

At step 110, test system 85 determines if the V1 and T1H
voltages are within the voltage window defined by the Vrpmax and
VipmiN voltagés. if the VyH and VT voltages are within the vo_ltagé
window of the Vrpmax and Vipmin voltages, then the process moves to
step 120, at which thgé control value in configuration logic 51 (that
determines the voitage level of the Vpp voltage) is then stored in
configuration cells 45. The process then ends at step 121.



.address bus 62 and data and commands via data bus 63. Control circuitry 46
al so applies data to the external circuitry via data bus 63. Control
circuitry 46 receives a chip enable CE signal, an output enable CE signal
and a wite enable WE signal. The chip enable signal CE is used for device
sel ection of flash EPROM 40. The output enable signal OE is the out put
control for flash EPROM 40, dependent on device selection. The wite enable
signal VEE allows wites to control circuitry 46 while the chip enable
signal CE is active | ow. Contrd6 circuitry 46 is also coupled to a
PWD pin. The PWD pin supplies a power down control signal to contro
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If, at step 110, it is determined that the VTH and V7L voltages are
not within the voitage window defined by the VTpmax and Vrpmin
voltages, then test system 85 moves to step 111 at which another
judgment is made to determine if the Vy_ voltage is lower than the
V1pmiN voltage and the VT voltage is higher than the VTpmax voltage.
If so, flash EPROM 40 is labeled as a failure at step 117. if not, the
process moves to step 112 at which test system 85 determines if the V1
voltage is higher than the VtpmiN voltage and the VT voltage is higher
than the VTpmax voltage. If not, at step 117 flash EPROM 40 is marked
as having failed.

if, at step 112, the VT voltage and the V14 voltage are
determined to be higher than the Vrpmin voltage and the VTpmax
voltage, respectively, the process moves to step 115, at which the Vpp
voltage is compared with the Vppmin voitage. The Vppmin voltage is the
lowest voltage level set for the Vpp voltage. If, at step 115, the Vpp
voitage is equal to the VppmIN voltage,' then at step 117 flash EPROM 40
is labeled as a failure. If not, the Vpp voltage is decreased at step 116
to the next voltage level set for the Vpp voltage and step 105 becomes
the next step to repeat the process until the appropriate Vpp voltage is
found for flash EPROM 40. | )

Figure 7 illustrates the circuit of drain programming voitage
generation circuit 70 that is one embodiment of drain programming
voltage generation circuit 50 of Figure 4. Figure 7 also illustrates a flash
EPROM cell 81 to which circuit 70 is coupled via a load transistor 80.



Merr] that is applied to the drain of selected nenory cells of nmenory
array 41 during progranm ng. After flash EPROM 40 is fabricated but before
it reaches the end user, configuration logic 51 is used to adjust the
voltage | evel of the drain programm ng voltage VDP generated by circuit 50.
Process variations and other variations fromflash EPROMto flash EPROM
lead to differences in programm ng abilities anong flash EPROVs. Different
voltage | evels of drain progranm ng voltage V[err] can have the effect of
(1) slow ng down the otherw se fast fdr7ogranming cells or (2) speeding up

t he ot herwi se slow programm ng cells.- By selecting a target progranm ng
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voltage generation circuit 70 for receiving a gate voltage Vpn. The gate
voitage Vpn controls load transistor 80 to apply the drain programming
voltage Vpp to the drain region of cell 81 during programming. The
voltage level of the Vpp voltage is therefore equal to that of the Vpy
voltage minus the threshold voltage of load transistor 80. Therefore, the
Vpp voltage follows the Vpy voltage.
Drain programming voltage generation circuit 70 includes (1) a
current mirror circuit forfﬁéd by P-channel transistors 71-72 and 75-77,
(2) a source follower circuit formed by N-channel transistors 73 and 74, -
and (3) a voltage setting circuit formed by a P-channel transistor 78 and
three P-channel transistors 79a through 79c¢ connected in parallel. The
source of each of transistors 79a-79c is coupled to the drain of transistor
78. The drain of each of transistors 79a-79c is coupled to ground. Each
of transistors 79a-79c has its gate coupled to one of three selection
signals SEL1 through SEL3. The selection signals SEL1-SEL3 turn on
or tumn off their respective transistors 79a-79c. The selection signals are
applied from configuration logic 51 of Figure 4.
The current mirror circuit formed by transistors 71-72 and 75-77 is
coupled to the Vpp voltage and ground for generating an 2 current that
is applied to the voltage setting circuit of transistors 78-79c via the
source follower circuit of transistors 73-74. The current level of the 1
current acts as a function of an l1 current that flows through transistors
75-77. The current level of the |1 current depends on the size of
transistors 75-77. As can be seen from Figure 7, each of transistors 75-
77 is connected to act as a resistor in the circuit. Therefore, when the |4
current is accurately set, the. Iz current generated by the current mirror
circuit is also accurately set. Transistors 75-77 are constantly turned on.
- As qéscribéd above, the Iy current is dependent on the size of
% transistors 75-77. Therefore, by adjusting the size of transistors 75-77



.progranm ng ability of flash EPROM 40 is conpensated for. This method, when
applied to a production run of flash EPROMs, helps to m nimze the
differences in programmng abili-ty anong the flash-EPROVs. In other words,
the progranmming tines and the programmed threshol d voltages of the flash
EPROMs are nore uniformand are closer to the target programmng tinme and
the target programred threshold voltage. Fl ash EPROM 40 al so i ncl udes
configuration cells 45. Configuration cells 45 are | ocated peripheral to
mermory array 41. Configuration |ogicl&l and vol tage generation circuit 50
In conjunction with configuration cells 45 cause a drain progranm ng

voltage V[err huhﬁ/ﬁtiﬁbﬁé‘étﬁﬁ{ eRe i E:urfréﬁlséhrEBB%AQed Ea"hbr@fbré;arénsmoai i on
cells 45 is a_CA
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al so coupl ed 10 Gi&d M-SR SR THALYR 7399, IGARERIAS RAS fYdrain
coupled to the Vpp voltage its source coupled to output node 70a, and
its gate coupled to the drain of transistor 72 of the current mirror circuit.
Transistor 74 has its drain coupled to the gate of transistor 73, its source
* coupled to the voltage setting circuit, and its gate coupled to output
_node 70a. The function of the source follower circuit comprised of
transistors 73-74 is to provide a positive feedback loop for output node
70a which quickly charges and settles the voltage level of the Vpn
_voltage at output node 70a to the voltage level set by the turned-on
ones of transistors 78-79c plus the threshold voltage of transistor 74.
As can be seen from Figure 7, transistors 79a-79c¢ are selectively
turned on by the SEL1-SEL3 signals in order to adjust the voltage level
of the Vpp voltage applied to flash EPROM cell 81. One of the
advantages of the circuit is that it does not need to know the effective
channel length of the memory cells of flash EPROM 40.
Figure 8 is a block diagram of the combination of configuration
cells 45 and configuration logic 51. In Figure 8, configuration cells 45
include configuration cells 45a through 45d. Configuration logic 51
includes configuration registers 51a through 51c and multiplexers 51d
through 51f. Configuration register 51a and configuration cell 45b are
coupled to multiplexer 51d. Configuration register 51b and
. configuration cell 45¢ are coupled to multiplexer 51e and configuration
register 51c and configuration cell 45d are coupled to muitiplexer 51f.
Muitiplexers 51d-51f generate the SEL1 -SEL3 selection signals sent to
the gates of transistors 79a-79c of drain programming voltage
generation circuit 70. Configuration cell 45a controls the selection of
the SEL1-SEL3 sngnals from either configuration registers 51 a-51c or
configuration cells 45b-45d. After flash ERPOM 40 is fabricated,
configuration cells 45a-45d are all in the erased state. This causes
each of multiplexers 51d-51f to select the output of its respective one of
configuration registers 51a-51c as its output signal. Configuration



12 50. V[err] is the device power supply for flash EPROM 40 and V[err] is
ground. For one enbodinent, Vpp is approximately 12.0 volts and V[err] is
approximately 5.0 volts. The nmemery operations of flash EPROM 40 incl ude
read, programm ng, and erasure. After flash EPROM 40 is fabricated
but before it reaches the end user, flash EPROM 40 is connected to test
system 85 for determ ning the appropriate drain progranmm ng voltage V[err]
as shown in Figure 5. Test system 85 is a conputer controlled test system
Test system 85 causes flash EPROM 40180 enter the test node. Test system 85
sends the appropriate commands, addresses, and data to flash EPROM 40 vi a
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multiplexers 51d-51f to select the respective one of configuration celis
45b-45d as its output. If not, the control value is adjusted in registers
51a-51c by test system 85 {Figure 5) that causes the Vpp voitage to be
generated again until the appropriate voltage level of the Vpp voltage is
determined. The control value is a 3-bit binary value. '
Figure 9 illustrates drain programming voltage generation circuit
130, which is another embodiment of drain programming voltage
generation circuit 50. As can be seen from Figures 7 and 9, circuit 130
is similar to that of circuit 70, except that four transistors 140a through
140d are connected in parallel in circuit 130. This permits drain
programming voltage generation circuit 130 to generate additional
voltage levels of Vpp.
Figure 10 illustrates drain programming voltage generation circuit
160, which is another embodiment of drain programming voltage
~generation circuit 50. Transistor 169 of circuit 160 of Figure 10 is a flash
'EPROM transistor. in contrast, transistors 140a-140d of circuit 130 of
Figure 9 are P-channel transistors connected in parallel. Flash EPROM
transistor 169 has its control gate connected to its floating gate. As can
be seen from Figure 10, transistor 169 is connected such that it is '
constantly on. Transistor 81 is a flash EPROM memory cell. When
circuit 160 is used in place of drain programming voitage generation
circuit 50 of flash EPROM 40 of Figure 4, configuration logic 51 is not
required. Instead, the Vpp voltage generated by circuit 160
automatically tracks the effective channel length of a memory cell of the



.vol tage wi ndow. For one enbodi nent, the VIPMAX voltage is set at 6.8 volts
and the VIPM N voltage is set at 6.0 volts. The programmed threshol d
voltage V[err] should be at |east approximately 5.0 volts. To safeguard
flash EPROM 40 from aging, the initial progranmred threshold voltage should
be set higher than 5.0 volts. Aging neans that the programed threshold
vol tage VT may drop during the lifetinme of flash EPROM 40. The

vol t age wi ndow defined by the VIPMAX and VIPM N voltage is provided in
order to allow the actual programed2®hreshol d voltage of the nenory cells
of flash EPROM 40 to vary within that range. This is
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" transistors fabricated on the same substrate by the same process, any
deviation in the effective channel length of transistor 81 (due to the

~ process variations) from a target effective channel length for the flash
EPROM will also be reflected by the deviation of the effective channel
length of transistor 169. A deviation in effective channel length from a
target'effective channel length means that the programming time for a -
flash cell at a programmed threshold voltage level deviates from the
target programming time. In other words, the programming ability of the

~ cellis off target.

Because transistor 169 is a flash EPROM transistor, the level of
the Vpp voltage varies as a function of the effective channel length of
transistor 169. The longer the effective channel length, the higher the

- drain voltage Vpp. The shorter the effective channel length, the lower
the drain voltage Vpp. Thus, the drain voltage Vpp is made to track
effective channel length, which helps to ensure that the programming
time (for a programmed threshold voltage) for memory cell 81 is close to
or at the target programming time for the flash EPROM, even if there is a
deviation of actual effective channel length from the target effective
channel.

For one embodiment, the voltage Vpp set by circuit 160 is used
for all the memory cells of the flash EPROM. This yields satisfactory
results if the effective channel length of cell 81 is close to the mean
effective channel length of the memory cells of the flash EPROM.

Figure 11 illustrates drain programming voltage generation circuit
180, which is another embodiment of drain programming voltage
generation circuit 50. Transistor 187 of circuit 180 is a flash EPROM
transistor. In contrast, transistor 167 in circuit 160 of Figure 10 is a P-
channel transistor. Flash EPROM transistor 187 also has its control gate
connected to its floating gate, and the threshold voltage of the transistor -
does not change after fabrication. 5



voltage | evel of the V[err] voltage is selected such that it will not cause
the programmed nenory cells to be m staken as erased cells. Test
system 85 then sets the gate programm ng voltage VG to a predeterm ned

val ue at step 102. For one enbodi nent, the gate progranm ng voltage VGP is
set at approximately 12 volts. Test system 85 then sets the progranmm ng
time T[err] for flash EPROM 40 to a predeterm ned value at step 103.

For one enbodi nment, the programming tine T[err] is set within a range from
two nmicroseconds to three nicrosecondl. For an alternative enbodi nent, the
programming tine Tp can be set within a range from four m croseconds to six
m cros;aconds F(l)a_B?\SEPFME‘MQFBr&'EStéﬁW Pefthis felafivdy aBBL Rbe Hakbkiage |
generation circ 0g rai err] via
confi guration Pﬂ%\e vaiation E}QE %! 'V%Qg?"%?r}ég%ﬁﬁéqmﬁﬁ%r%ﬁéwgﬁq %ur ation

| ogi c 51 to seBytrbplacoig agbc!h&mw tadnsidter Wk avitdshalgPROM eéragisesdob87,he drai n
rogranm ng vo [

pr o9 g *ﬁeag ettt :é‘hls%”m%b%‘i& tFacﬁQpezygﬁéu@/ ﬁ#ﬁﬁ@ %ﬁ&%%ﬁﬁgﬁl the

confi guratl on I ogrec ontrol CircC 0O con

setting the volengieof #ash EFRQNecel &t.r Thisdnttugecausgs theN provyaliage toan be set
at different Vﬁidré%ch%félkstracme‘@fécﬁgé chﬁﬁﬁéﬁeﬁéthtJTQ‘Ia¥F?FEF’RUI\ﬁ%IICa” be

set evenly apart or unevenly apart For one enbodi ment, the VDP
voltage is set8ht four different voltage |l evels. For this embodi ment, the

| owest vol tage | eveFoptitefrativeRmisddirgeats, ciretits a0, $30, 160,tar. 180haresecond

Vol tage | vel sired §FeotigyrBtibaing By e B
is set at 5.8 timessandipwgiamnedtivesholdwslitagge fioaw eeli-to-cel) withilat s. The
fourth vol tageg hﬁléeﬂaéﬁ EPI?T?)IM[ eﬁ%r]tﬂégétaﬁgﬁu#ﬁe%%b@dlm@n% Wident 4O

- difference in vo eve
' within a single flash EPROM are assigned different drain voltages

dependent upon the programming ability of each respective memory
cell.

In the foregoing specification, the invention has been described
with reference to specific embodiments thereof. 1t will, however, be
evident that various modifications and changes may be made thereto

. without departing from the broader spirit and scope of the invention as
set forth in the appended claims. The specification and drawings are,
accordingly, to be regarded in an illustrative rather than a restrictive
sense. '



steps in voltage |levels provide a quick ranp-up to the nost |ikely voltage
|l evels, with a fine resolution for the programﬁ_p’ti_ng_[lo.’ﬁqr,_.

14 an alternative enbodi ment, the four voltage Tevels of the V[err]
voltage can be set in even steps from5.1 volts.t ﬂ“‘ﬂmuu“l For
anot her enbodi nent, the VDP voltage can be set at ﬂmum ' vol t age

| evel s. For a further enbodinent, the V[err] voltage tan bé sét at sixteen
different voltage levels. For still ggfurther enbodi nent, the different

vol tage levels of the V[err] voltage areapgt from5.2 volts to 6.6 volts.
The nore voltage | evels the VDP voltage has, the finer resolution the

progr amm ng Wheteisl¢leimdd &an be. Initially, test system 85 causes
configuration logic 51 to start at the highest voltage |evel of the VDP
vol tage at step 104. A\ nomvsladilemenmeyt copgdrisingd5 sends a control val ue
associated wth the highest voltage value of the VDP voltage to
configuration lodAd 51 memenraray hevinguattlegstss memory cell, wherein the
. memory cell includes a drain region, a source region, a control gate, and a
floating gate; |
(B)  adrain programming voltage generation circuit coupled to a
programming voltage source and the drain region of the memory cell for
providing' a drain programming voltage to the drain region of the memory
cell during programming of the memory cell;
(C) a control circuit coupled to the drain programming voltage
generation circuit for controlling the drain programming voitage generation
circuit to cause the drain programming voltage to vary with respect to a
programming ability of the memory cell such that the memory cell is
programmed to be within a predetermined range of a predetermined
threshold voltage with a prédetermined gate programming voltage for a
predetermined programming time, wherein the control circuit stores a control
value that determines the voltage level of the drain programming voitage,
wherein the voltage level of the drain programming voltage is changed by
changing the control value in the control circuit, wherein the control value
can be changed after the control viaue is set in the control circuft.
2. The nonvolatile memory of claim 1, wherein the drain
programming voltage generation circuit further comprises a voltage setting
circuit for setting the voitage level of the drain programming voltage in -

accordance with the control value, wherein the voltage setting circuit is

coupled to receive the control value from the control circuit.

A
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and bus 65. Configuration logic 51 then controls drain programm ng vol t age
generation circuit 50 to generate the VDP voltage in_accordance with.the
control value in configuration logic 51. For another enbodi nent, test

system 85 causes configuration logic 51 to start at Hmlm e

| evel of the V[err] voltage at step 104. At s Hﬁ“"almmmtem 85
selects a row of nmenory cells in nenory array 41 of ffash EPR®M 40 for
programm ng. Test system 85 selects the #3dw.  For one enbodi nent, a menory

rowin memory arrgy 417hb (AL RRNAY SGLHTES VHEIEn(hE ok BB NGl | <

Test system 85 selects the nenory rows for settih rain progra ng

vol tage VI e itoultisl e drafle piodtarlimhgdotlgsidthasipenedit flrifdradimsiaaM 40.

In other words, the selected Tows i thiS process are preselected r .
These presel aplediityovistramsistordohmedibe inl @atAiRl OhRe R ath 3 tivd plirafigse!
represent the array distribution of nenory array 41. . At step 106,

t est syst em B3nsistoss hiasesgate ¢cduplattetiecomtoot cifcuitewhegeinthagoatrol s an
unprogramed row. If the selected row is not an unprogramred row, then test

syst em 85 go@EcUibseleelively iurnstronaipartiqulaseombiratipa®fitse plurality. of For
an alternatiyve enbodinent, the selected row can be a slightly, programed
r oW transistors in accordance with the contro! value from the control circuit.

4, The nonvolatile memory of claim 3, further comprising

(i) current mirror circuit coupled to the programming
voltage source for providing a substantially constant first current;

(i)  a source follower circuit coupled to (1) the programming
voltage source, (2) the current mirror circuit, (3) the voitage setting circuit,
and (4) an output of the drain programming voltage generation circuit for
providing the first current to the voltage setting circuit and for charging and
settling the output node of the drain programming voitage generation circuit
to the drain programming voltage, wherein the source follower circuit acts as
a positive feedback loop to help the output node to be quickly charged to the
drain programming voltage.

5. The nonvolatile memory of claim 1, wherein the memory cell is
an electrically erasable and electrically programmable read only memory
cell .

6. The nonvolatile memory of claim 1, wherein the memory cell
can store a plurality of data bits at-one time.

7. The nonVolatile memory of claim 1, wherein the predetermined
range is approximately 1 volt. )
8. A nonvolatile memory, comprising:

(A) amemory array having at least a first memory transistor

coupled to a bit line, wherein the first memory transistor includes a drain
-
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15 If, at step 106, the selected rowis w;_arr_m;dmry r ow,
then the process noves to step 107, at which tes yStem 85 causes control
circuitry 46 to programthe selected nmenory row. Tgagd \“\ISGS t he
pr edet ermi ned gate progranmi ng voltage VGP to be aﬁﬂm@mﬁt“m\mﬁ e of the
sel ected row. Test system 85 controls control circUkiry 46 tho dppfy the VGP
to the gate of the selected row Test system 85 al so causes the V[err]

vol t age generated by drain programm ng2%ol t age generation circuit 50 to be

apel 124 "ol Pyl 1B AF R 6B, Bbit A e e petfics oo
Lost syst om g W A HLHEC I Ripd U Tl TR (BRES AR ebaDot 1 d0ers |

of the sel eﬁﬁﬁﬁnél"'}’gbﬂ{' the predetermned tinme Tp. Test system 85 causes

control circuitry td control the programmng of the selected row for the

predet erm ned pr @@y ama dgin bidfrafimingordiizgle gererdtion Liréhit @¢eapliddiosa by
changi ng the pulse width of the V[err] an err] voltages applied to the
sel ect ed r oprogrammingovaitsagenspurpe ramid thie bihkne $oropeviding laedraind of t he

predet erm ned programming tinme Tp. The predeterm ned programying tinme Tp is
stored in cpregrammoingcitage toehe drain regionsekihelfirst memerydiansisiogviadaeect s

through control circuitry 46 the . ) . )
: bit line during programming of the first memory transistor, wherein the drain

programming voltage generation circuit further comprises a voltage setting
circuit for ;setting the voltage level of the drain programming voltage, wherein
the voltage setting circuit of the drain programming voitage generation circuit
further comprises a second memory transistor that has an effective channel
Iengih' substantially equal to that of the first memory transistor of the memory
array such that the controllable resistance can vary in accordance with the
effective channel length of the first memory transistor.

9. A method for setting a drain programming voltage of a
nonvolatile memory, comprising the steps of:

(a) setting a first value corresponding to a first voitage level of the
drain programming voltage;

(b) sending the first value to a drain programming voltage
generation circuit of the nonvolatile memory such that the drain
programming voltage generation circuit generates the drain programming
voltage in accordance with the first value;

(c) selecting a plurality of memory cells of the nonvolatile memory
for programming by applying the drain programming voltage to the selected
plurality of memory cells for a predetermined programming time;

(d) measuring a threshold volltage of one of the selected memory

cells after programming;

This Sheet Has Been Rzﬂlaced
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programed t hreshol d voltage VT of each of the nenory cells of the sel ected
row. Test system 85 determ nes the highest thresho he

| owest threshold voltage VIL anong the programmed. |1 s of the
sel ected row. At step 109, test system 85 comareswm " ﬂm'pth t he
maxi mum programed threshol d vol tage VIPMAX. Test sy% Hpar es
the VTL voltage wth the m ni num programred t hreshol.-d vol t age PM N.

At step 110, test system 85 determines i25the VIL and TTH vol tages are

wi thin the voltage w ndow defined by the VIPVAX and \/J(frr]n vol tages. If the
VTH and VTL vol t a§ds ae@Mpafing the AeresbpidayeitagendeAsEred WA err] "and V[ err]

I , th h ich th l...yal '
cont | gur it | GHSCBATENEAY ErRaarBRE Aase Hatdef foighel mibioTafié thifgpl™ U ' "

Uoen S5y, 1S then G O o thE vBRAGS Bt Bl fifbbRodondlE RESiTRE bR ende !

within a predetermined range of the predetermined programmed threshold
voltage, then changing the drain programming voltage by changing the first
value and repeating steps (b) through (e);

(g) if the voltage level of the threshold voltage measured is within
the predetermined range of the predetermined programmed threshold
voltage, then storing the first value in the nonvolatile memory to constantly
control thé drain programming voltage generation circuit to generate the
drain programming voltage in accordance with the first value such that the
nonvolatile memory is programmed to the predetermined programmed
threshold voltage within the predetermined programming time.

10. The method of claim 9, further comprising the step of
selectively turning on a particular combination of the plurality of transistors of
a voltage setting circuit of the drain programming voltage generation circuit
in accordance with the first value such that the drain programming voltage
generation circuit generates the drain programming voltage in accordance
with the first value.

11. The method of claim 9 wherein the nonvolatile memory is an
electrically erasable and electrically programmable read only memory.

12.  The method of claim 9, wherein the predetermined range is
approximately 1 volt.

13.  The nonvolatile memory of claim 8, further comprising

(a)  current mirror circuit coupled to the programming

voltage source for providing a substantially constant first current;

—_—_——
—
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As can be seen fromFigure 4, configuration cells 45 are coupled to

confi guration logic 51 via bus 64. Configuration ce control
value in a nonvolatile nmanner. Configuration ceI rent” to
the end user and can only be accessed by test sy E@M’M ,m storing
the control value in configuration cells 45, drain pro | t age

generation circuit 50 is constantly cggtrolled to generate the V[err]
voltage at the voltage | evel determ ned by the control value after flash

h d h
_Egmgiovl[elé'rhs s propl'y 5&9#&9%@'5@%?{8%%@5?&% ) 36P oG e, d
4 {
That ¥ necvryiegel il Bt Sument mimod dradl. (BLA8 e Seidg BRI ML0%T,
the Vierr] afif Medd bu}ﬁJttﬁgﬁédrélﬁ %rm ng-}qs &E%]g%s% é’@noh o 11 at

whi ch anot her Juo?grrent made to err] v tage 1s | owner

than the V[ esrolidisy traegﬁrsmdrrbhetov[r@r\vdnag@l $aififg 'cﬁ'cbit ainerfof BRArdiNG aHdPMAX
voltage. If so, flash EPROM 40 is |abeled as a failure at step 117. If not,

t he process seiiling the cutppt Adde af thehdredin ipesdrasymingnvélfagieyenernation. difcuithe VTL
vol tage is higher than the VIPM N voltage and the VTH voltage is higher
t han the VTPMQb(e\dra'tragmgranfnmiog voltags wherel tié¢ aourdePiRimwe) cirsuit@ckseds as

havi ng fail ed. at step 112, the VIL voltage and the VTH vol t age
are deterni r?e80§@vﬁéeﬂ¢@$@? loopda W@TNHPMWlmﬂﬁéQ@%ﬁU'CkWeC*WW\IBN age,

respectively, the process nobves to step 115, at which the V[err] voltage is
conpared wi t4@ %8“5@’@”’]""\90\"‘?@?@@: The V[err] voltage is the | owest voltage

Lovel 2ot T & Ny e she YB8BSe hbradly o FacyhBERALRS Frsh B
a failure. Idirdi@tiunhBP cdiiprises Ythir@ e dnffah§idfidnal nad R ehitive
channel length substantially equal to that of the first memory transistor of the
memory array and that of the second memory transistor of the voltage setting
circuit.

15. A nonvolatile memory, comprising:

(A) amemory array having at least a first memory transistor
coupled to a bit line, wherein the first memory transistor includes a drain
region coupled to the bit line, a sdurce region.'a control gate, and a floating
gate, wherein the first memory transistor further includes an effective
channel length;

(B) a drain programming voltage generation circuit coupled to a
programming voltage source and the bit line for providing a drain
programming voltage to the drain region of the first memory transistor via the
bit line during programming of the first memory transistor, wherein the drain
programming voltage generation circuit has a controllable resistance that
varies in accordance with the effective channel length of the first memory
transistor such that the drain programming voltage generation circuit

generates the drain programming voltage that also varies with respect to the

”‘ﬁﬁiiﬁ‘nmum i




to the next voltage level set for the Verr] voltage and step 105 becones

t he next step to repeat the process until the aTTO‘pT—rat—e—VEeH'—]-ALoltage S
found for flash EPROM 40. Figure 7 |IIustr rcwt of drain
programm ng vol tage generation circuit 70 that i "ﬂm of drain
programmi ng vol tage generation circuityp0 of Figuk I SO
“illustrates a flash EPROM cell 81 to which circuit 70 S coupl ed via a | oad

transi stor FIl ash EPROM
cell 81 is t 4. Load
transi stor B%ﬁ slfvgl é}%r\gﬁ%ﬂ@? If%@rfsbﬁ é#ﬂt?z%réﬁ%tg ,tlvglﬂérem @p‘%&%gad

transi stor $ I et Pad transistor 80
is coupled t 8&0 na@mlp t nogs g%( %?gdlilﬂt progegamnéﬁgé vol t age generation

circuit 70 f Or receiviqy a ae}in@raw 613@@n§i’BNrs &bRnastbE in peealiaader VPN

controls load transistor 80 to apply the drain prograrrm ng vol tage VDP to

the drain regioiting tkelconfibliableiregistarugy, avirareig. thEheontrollable resistance is
selected by selectively turning on a particular combination of the plurality of
transistors.

16.  The nonvolatile memory of claim 15, further comprising a
control circuit coupled to the drain programming voltage generation circuit,
wherein each of the plurality of transistors has a gate coupied to the control
circuit, wherein the control circuit selectively turns on a particular
combination of the plurality of transistors in accordance with a control value
stored in the control circuit.
| 17.  The nonvolatile memory of claim 15, wherein the drain
programming voltage generation circuit further comprises

(i) a current mirror circuit coupled to the programming
voltage source for providing a substantially constant first current;

' (i) a source follower circuit coupled to (1) the programming
voltage source, (2) the current mirror circuit, (3) the plurality of transistors,
and (4) an output of the drain programming voltage generation circuit for
providing the first current to the plurality of transistors and for charging and
settling the output node of the drain programming voltage generation circuit
to the drain programming voltage, wherein the source follower circuit acts as
a positive feedback loop to help the output node to be quickly charged to the

drain programming voltage. -
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.voltage level of the V[err] voltage is therefore equal to that of the VPN
vol tage mnus the threshold voltage of |oad transistor 80. Therefore, the
VDP vol tage follows the VPN vol t-age. : Drai n programi ng vol t age
generation circuit 70 includes (1) a current mrror circuit formed by
P-channel transistors 71-72 and 75-77, (2) a source follower circuit
formed by N-channel transistors 73 and2&%4, and (3) a voltage setting
circuit fornmedaBSTRACP-@thTHRAIISCEGEVRESt or 78 and three P-channel
transi stors 79a through 79c connected in parallel. The source of each of
transi stors 79a-79c i s1ecunrRedANDOMETHODOFOR ISEDECEINGNS DRAEY  78. The drain of
each of transistors TRAcEOMING VOLIRGEFORA GIONVIATIER MEMORE transi stors
-~ 79a-79c has its gate coupled to one of .é.hree sel. ection sl nal s SIEng .
through SEL3. The sé @eRyqiptileimamosy sifinge@nzaSip e&HbsH?etg'ﬁr S Pethei r

respective trayabSicnelatiemdnorylinelusiesec triemmoryi gyre bawing atdgadtized from
configuration |logic 51

fFiqure 4, . T, r 1 | et
fornmed by tran§l %WSCS}Q-?E‘? oy o/l 'ingll‘Idggu%ﬁreagHtr%&tB hég\%h%eo%da'\g@' and
ground for genarcmnitiod gate, Ehdcafloating ghte. Ai dramppragsamnyng Weltgee t age setting
circuit of trapsgj 18- i WIRIqest !
transi stors 738%13}3%)2‘ %ﬁ:ruztgﬁtc\qu@\l/‘%q]ﬁo?%?ﬁ%ﬁ?zrhmglur r er?tecgcf:l?gétgg@fz;hsuncti on
of an 1[err] cdraienegionaef thednsmony 6alfor praNiding 8 rainyBrogfamiB9 cyr r ent

I evel of the 1{/8ﬁéFde £ HHEAaiN fOGIBE Df We MismBhZeelDluring pregratmniag - 77.. As
can be seen from Fi

as a resistor e u‘é"g’réy'r '?'& %gﬂﬁghé'?@ts'g\%?%?e[dz@ ’{'[egﬁnsp@???%ﬁiiﬁgst 0 act
accurately setyokdge géherationceirauitrior gansingtthd drgirnt progcamming voitageto
L ot e SHRBEHE bS8 PG SRR erip SeAsii st ned on
transi stors 75tErmeThenyetallis, prograsamesttpie withinsg peedatermingdirapge of a5- 77
predetermined threshold voltage with a predetermined gate
programming voitage for a predetermined programming time. A method
for setting the drain programming voitage for the nonvolatile memory
such that the drain programming voltage varies inversely with respect to
the programming ability of the nonvolatile memory is also described.

Figure 4



18 during fabrication, the 1[err] current can be changed. Therefore,
transistors 75-77 act as a current setting circuit of the current mrror
circuit. As described above, the source follower circuit of circuit
70 i ncludes N-channel transistors 73-74. Transistor 73 has its drain
coupled to the Vpp voltage, its sourcelddupled to output node 70a, and its
gate coupled tquthe drain of transistor 72 of the current mrror circuit.
Transi stor 74 S its drain coupled to the gate of transistor 73, its
source coupled td&\the voltage setting circuit, and its gate coupled to

out put node 70a. e function of the source follower circuit conprised of
transistors 73-74 is to provide a positive feedback | oop for output node .
70a whi ch quickly charges and settles the voltage |evel of the VPN voltage

at out put node 70a to the voItag:nggh "}y t he turned-on ones of
transistors 78-79c plus the }%\E\\\\\ f "trahsiStor 74 As
transigy E\§§\
N )

&

%

can be seen from Figure 7, 3
the SEL1-SEL3 signals in order tqg8§
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.of the V[err] voltage applied to flash EPROM cell 81. One of the
advantages of the circuit is that it does not need to know the effective
channel length of the nmenory cells of flash EPROM 40. Figure 8 is a
bl ock di agram of the conbination of configuration cells 45 and ‘
configuration logic 51. In Figure 8, @k¥iguration cells 45 include
configuration cells 45a through 45d. Configuration |logic 51 includes
configuration registers 51 a through 51c and nultiplexers 51 d through 51f.
Configuration register 5la and configuration cell 45b are coupled to

mul tiplexer 51 d. Configuration register 51 b and configuration cell 45c
are coupled to nultiplexer 51le and configuration register 51 ¢ and
configuration cell 45d are coupled to nmultiplexer 51 f. Mitiplexers 51
d-51f generate the SEL1 -SEL3 selection signals sent to tBe gates of

transi stors 79a-79c of drain programm ng voltage generati@n circuit 70.
Configuratiom cell 45a controls the selection of the SEL1g SEL3 signals
fromeither configuration registers 51 a-51c or configuragion cells
45b-45d. After flash ERPOM 40 is fabricated, configuratiox cells 45a-45d
are all in the erased state. This causes each of nultiplegers 51 d-51f to
select the output of its respective one of configuration jmegi sters 5la-51c

as its output signal. Configuration o
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19 registers 5la-51c are accessed by test system 85 (Figure 5) via control
circuitry 46 during the test node of flash EPROM 40 to adjust the voltage
level of the VDP voltage. Test system 85 sends the control value that
causes drain programm ng voltage generation circuit 50 to generate the VDP
vol tage in accordance with the controB/¥alue. The control value is then
applied to becone the SEL1- SEL3 signals fromconfiguration registers 51
a-51 c. If the appropriate V[err] voltage is generated, the control value
is then stored into configuration cells 45b-45d. Configuration cell 45a is
t hen programmed to cause each of nultiplexers 51 d-51 f to select the
respective one of configuration cells 45b-45d as its output. If not, the
control value is adjusted in registers 51 a-51 ¢ by test gsystem 85 (Figure

5) that causes the V[err] voltage to be generated again ugil the
appropriate voltage |l evel of the VDP voltage is determ ne® The control
value is a 3-bit binary val ue. Frgure 9 illustrateg,drain

programmi ng vol tage generation circuit 130, which is anot Rer enbodi nent of
drain progranm ng vol tage generation circuit 50. As can bEZseen from
Figures 7 and 9, circuit 130 is simlar to that of circui € 70, except that
‘four transistors 140a through 140d are connected in paral¥el in circuit
130. This permts drain progranmm ng voltage generation ciuit 130 to
generate additional voltage |evels O VDP. Figure €0 illustrates

drain progranm ng vol tage generation circuit E
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160, which is another enbodi ment of drain progranm ng vol tage generation
circuit 50. Transistor 169 of circuit 160 of Figure 10 is a flash EPROM
transistor. In contrast, transistors 140a-140d of circuit 130 of Figure 9
are P-channel transistors connected in parallel. Flash EPROM transi stor 169
has its control gate connected to its4VE%ating gate. As can be seen from
Figure 10, transistor 169 is connected such that it is constantly on.
Transistor 81 is a flash EPROM nenory cell. Wien circuit 160 is used in

pl ace of drain progranmm ng voltage generation circuit 50 of flash EPROM 40
of Figure 4, configuration logic 51 is not required. Instead, the Vjerr]

- vol tage generated by circuit 160 automatically tracks the effective channel
| ength of a nmenory cell of the 20
flash EPROM The effective channel length of a nmenory cell can be
considered as quantifying the process variation and other variations.

G ven that transistors 169 and 81 are both flash EPROM
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.transistors fabricated on the sanme substrate by the same process, any
deviation in the effective channel length of transistor 81 (due to the
process variations) froma target effective channel length for the flash
EPROM wi || also be reflected by the deviation of the effective channel
length of transistor 169. A deviationdH effective channel length froma
target effective channel |ength neansg hat therograsmng tinme for a flash

cell at a programmed threshold vol tag&\l evel d&iates\fromthe target
programmng tine. In other wrds, the p ogrannin? abil Nty of the cell is
of f target. S| Because transistor 1 ash BP transistor, the

ipn of the effective channel
| engt h, the
channel |ength,

ti ve chgme
he effedd v

| engt h of transi st 169. The | onger th

| evel of the V[ern%ﬁ:oltage varies as 4
hi gher the drain voltage V[err]. The sh

the lower the drain voltage V|err]. .Th driaisn Ve hage Vierr] is
made to track effective channeTjggfggD> wh 'helsgtc : hat the
programming tinme (for a program € Dl FRgE) | y cell 81 is
close to or at the target progranm ng tji ' the‘?la%? = even if
there is a deviation of ‘actualf gffectiV el lengtiio fo e target
effecti ve channel. For jone ﬁgb.ﬁ' l he vol {&ye| Vi et by
circuit 160 is used for all the|nenory the fllash|E Thi s
yields satisfactory results iff f{he ef fdefife chanrrel—Hergth cell 81 is

close to the nean effective crarneg_length of tihe menpry celf s| of the flash
EPROM Figure 11 illustratesaidraldy JJr 0grigmy ngl vol t age lgenerati on

circuit 180, which is another |egbodijren} off drdin progranm ng ol t age
generation circuit 50. Transigter 187 of cijrcuift 180 | s ag ljash EPROM
transistor. In contrast, trangi gtor {167 i gjicircul tec 16 of N&g re 10 is a P-
w
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.channel transistor. Flash EPROM transistor 187 also has its control gate
-connected to its floating gate, and the threshold voltage of the transistor
does not change after, fabrication.

21 Fl ash EPROM transi stor 187 permts relatively accurate tracking
of the variation of the effective chafé® |ength of flash EPROM cel | 81. By
replacing a P-channel transistor with a flash EPROM transi stor 187, the 12
current is also nade to track the variation in the effective channel |ength
of flash EPROM cell 81. This in turn causes the VDP voltage to nore
accurately track the effective channel length of flash EPROM cel| 81.

For alternative enbodi nents, circuits 70, 130, 160, or 180 are used in
configurations that maintain tight distributions of progranmng tinmes and
programed t hreshold voltages fromcell-to-cell within a single flash
EPROM For these alternative enbodi nents, different cells
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within a single flash EPROM are assigned different drain voltages dependent

upon the programming ability of each respective nenory cell. In the
foregoi ng specification, the invention has been described with reference to
speci fic enbodi ments thereof. It will, however, be evident that various

nodi fi cations and changes may be made #Réreto without departing fromthe

broader spirit and scope of the inventy® set. fepth in the appended
clainms. The specification and draw ngs r'di ngly, t181 be regarded in
yense.

an illustrative rather than a restrictive P
- 22 - CLAI M5 SET THE MAXIMUM\PFHOGRAMMEDTEHRESHOLDORILGABE Vipfaxd] Singl e
AND THE MINIMUM PROGRAMMED THRESHOLD VOLTAGE Vyppin
v 02

SET THE GATE PROGRAMMING VOLTAGE
_ Vgp TO A PREDETERMINED VALUE

103

; &

[SET THE PROGRAMMING TIME Tp TO A PREDETERMINED VALUE]
K

' 104
GENERATE A HIGHEST DRAIN PROGRAMMING VOLTAGE Vpp ol

! 105

SELECT A ROW FOR PROGRAMMING f/

APPLY THE Vgp AND Vpp TO THE

SELECTED ROW FOR PROGRAMMING FOR
THE PREDETERMINED PROGRAMMING TIME Tp

I o

DETECT THE HIGHEST THRESHOLD VOLTAGE
VTH AND LOWEST THRESHOLD

VOLTAGE Vyy OF THE ROW

v - 109
COMPARE THE Vyy WITH THE Vyppmax AND
THE Vg WITH THE VTpMmiN

1
110 00d
VTH S VTPMAX
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VTL 2 VrpmIN 2
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100a v _ LEVEL OF THE Vpp
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~substrate, conprising:
cel |, wherein the nenory cel
region, a control gate,

vol tage generation circuit
the drain

regi on of the nenory c8

(A) a nenory array having at

i ncludes a drain region,
and a fl-oating gate;

a

| east a menory
source
(B) a drain progranm ng

coupled to a programm ng vol tage source and

programmi ng voltage to the drain region of the menory

programm ng of tHe nenory cell];

drain progranm n 002 0| t agé
programmi ng vol t age generation
vol tage to vary th respect
cell such that the
pr edet er m ned

(C a control C|r§
& ation circuit for QQ
circuit to cause the
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for providing a drain
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drain progranm ng voltage generation <circuit further conprises a

vol tage setting circuit for setting the voltage |evel of the drain
progranmi ng vol tage in accordance with the control value, wherein voltage
setting circuit is coupled to receive the control value fromthe control
circuit. 3. The nonvolatile mefb¥y of claim2, wherein the

-23- vol tage setting circuit of the drain programm ng voltage generation
circuit further conprises a plurality of transistors connected in
parallel, wherein each of the plurality of transistors has a gate coupl ed
to the control circuit, wherein the control circuit selectively turns on a
particul ar conbination of the plurality of transistors in
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accordance with the control value fromthe control circuit. 4. The
“nonvolatile nmenmory of <claim 3, further conprising: (i) current
mrror circuit coupled to the programm ng . voltage source for providing
a substantially constant first current; (ii) a source follower
circuit coupled to (1) the progt®di ng vol tage source, (2) the current
mrror circuit, (3) the voltage setting circuit, and (4) an
out put of the drainaprogrami ng vol tage generation circuit for
providing the firstgurrent to the voltage setting circuit and for
chargi ng and settlingNhe out put node of the drain pr ogr anm ng
vol t age generationtcircuit to the drain progranm ng voltage,
wherein the source follower circuit acts as a positive f eedback | oop
to help the output node to be quickly charged to the drain progranm ng
vol t age. 5. The nonvol atile nenory of clg@im1l, whergin the nmenory
cell is an electrically erasable and g ectricall ygprogramualije read only
menory cell. 6. The nonvol atil¥e nenory of?claim1, vierein the
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“menory cell can store a plurality of data bits at one tine. 7. The
“nonvol atile nenory of claiml1l, wherein the predeterm ned range is

approximately 1 volt. . 8.. A nethod for setting a drain programm ng
vol tage of a nonvolatile menory, conprising the steps of:

- 24- (a) setting a first val uélé&erresponding to a first vol t age
| evel of the drain programm ng voltage; (b) sending the first value to
a drain progranm ng vol tage generation circuit of the nonvolatile
menory such that the drain programm ng vol tage generation
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_circuit generates the drain programmng voltage in accordance with the
first val ue; (c) selecting a plurality of nmenory cells of the

nonvol atile nenory for progranmm ng by applying the drai n programm ng
vol tage to the sel écted plurality of menory cells for a predeterm ned
programing ti me; (d) neasuringldYhreshol d voltage of one of the

sel ected nenory cells after programm ng; (e) conmparing the threshold
vol tage neasured with a pr edet er mi ned progranmed threshold voltage for
t he nonvol atil e nenory; (f) if the voltage | evel of the threshold
vol t age measured is not within a predeterm ned range of the
predeterm ned programmed threshold voltage, t hen changi ng t he
drai n progranm ng voltage by changing the first value and repeating
steps (b) through (e); (g) if the voltage level of the threshold

vol t age nmeasured is wthin the predeterm ned range of the
predeterm ned programmed threshold voltage, then storing the
first value in the nonvolatile nmenory to constantly control the
drain programming voltage generation circuit to generate the drain
pr ogr anm ng voltage in accordance with the first value such that

the nonvolatile menory is pr ogr ammed to t he pr edet er m ned
programed t hreshol d voltage within the pr edet er mi ned progranm ng
tinme. '
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. 9. The method of claim@8, further conprising the step of selectively
turning on a particular conbination of the plurality of transistors of a
vol tage setting circuit of the drain progranm ng voltage generation circuit
in a&cprdance with the first value such that the drain programm ng voltage
.-25- 4 generation circuit generated3fke drain programm ng vol t age in
accordance with the first val ue. 10. The nmethod of claim8
wherein the nonvolatile menory is an electrically erasable and
electrically programuabl e read only nenory.
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11. *The® met hod of claim 8, wher?if%the predeternmined -  range®

approximately kyoldthe replacemsen A nonvol ati Le..0enoey-—esi-ti-Ag—on:
a single Sl]JTbstrate, conpri sing; (A la mBELBCEMENT $5EEAY at SC

| east a first menor yyz ' ransi stor coupl ed i & Besiririchrieszher & P28Hk--
7, M5 50

first Dei®sr r includes a drain @glamidouplpeged 3% to paged .21
the bit line, ‘a source region, a control 2fate, and [&Drawing(s) : vhpeht.i.#g paged ...
gate, wherein the first nenory transistor It wistrest | nglagetks..4m paged......
~effective ch%l engt h; (B) a drain prpgranm ng voltage
generation c coupled to a progranm “;@ATE' ORIREERWFE e 2UNE 1 he
- bit line for providing a drain programm wg—verHtage—to—the

drain region of the fipSt JHRIRALIABNSIRryi arddfahd on a bLingle
during progra%n of the first menory transistor, : wherein “the
drain progr3 'h’gat?/ol‘f%‘&érlsdé’l‘?erat i on circuit further conprises:
(i) a voltage seflf)ngacimenony f errset thavjngheavolllemapE a memory evell of

the drain programhageyR! tage: ndhEEF Beile includes 0! GADEN SEiigig, cifcoui t

further conprises a second . menory, transistor_that has "an
~effective channel SPeEgEhregion, a comisednfphrryaRguadl F1RH R LtShe fir st
menory, {BaNshst@faDi iPgiogramijg avéByagelClydriwaatiba deaksuit

progranm ng vol taggugggﬁr%%i n Criorg%‘éh&nigﬁn%roalk%get NSurce and & Brain
programm ng vol tagée fhat al'so varies Wi respect
region of the memory cell for providing a drain
programming voltage to the drain region of the memory
cell during programming of the memory cell;
(C) a control circuit coupled to the drain programming
voltage generation circuit for controlling the drain
programming voltage generation circuit to cause the
drain programming voltage to vary with respect to a
programming ability of the memory cell such that the
. memory cell is programmed to be within a predetermined
range of a predetermined threshold voltage with a
predetermined gate programming voltage for a
predetermined programming time, wherein the control
circuit stores a control value that determines the
voltage level of the drain programming voltage, wherein
the voltage level of the drain programming voltage is
changed by changing the control wvalue in the control
circuit, wherein the control wvalue can be changed after
the control value is set in the control circuit.

2. The nonvolatile memory of claim 1, wherein the
drain programming voltage generation circuit  further
éomprises a voltage setting circuit for setting the voltage
level of the drain programming voltage in accordance with
the control value, whereini voltage setting circuit is
coupled to receive the control value from the control

circuit.

3. The nonvolatile memory of claim 2, wherein the
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to the effective channel length of the first nenory . transi stor;
(iit) a current mrror circuii'. coupled to the ) pr ogramm ng
vol t age sour chig i ther @plagempn sheet substantially constant
first current; (tii)a source follower circuit coupled to (1) the

progranmm ng vol,tag 2) the current mrror circuit, (3) the

vol t age setti[ﬁ%}st:i reg?tﬂu@%( 4) an ~%itput of the drain progranmm ng

vol t age generation circuit for providing the first current to the

- vol tage ing cifecuit and for charging and seftljn e put
node of the Hrgg%%g%(osger%tr%rﬁ%g%\%?%t%e Org}gngfr‘%t ic%r?ln H%Jﬁ%{}g{hq o.vtoﬁé:gg%ai n

~ progranmi ng gehexgeionheraineuite furthewrceomprise®r @ rcelurakity asof

Fosi tive feedbagkistors! 08nA&thed P ihhepavhRub1NOdghéLe e WdSK! Bprchanged
(0]

plurality of transistors has a gate coupled to the control
circuit, wherein the control circuit selectively turns on a
particular combination of the plurality of transistors in

accordance with the control value from the control circuit.

4, The nonvolatile memory of claim 3, further
comprising:

(1) current mirror circuit coupled to the programming
voltage source for providing a substantially constant
first current;

(ii) a source follower circuit coupled to (1) the
programming voltage source, (2) the current mirror
circuit, (3) the voltage setting circuit, and (4) an
output of the drain programming voltage generation
circuit for providing the first-current to the voltage
setting circuit and for charging and settling the
output node of the drain programming Voltage
generation circuit to-the drain programming voltage,
wherein the source follower circuit acts as a positive
feedback loop to help the output node to be quickly
charged to the drain programming voltage.

5. The nonvolatile memory of claim 1, wherein the
memory cell is an electrically erasable and electrically
programmable read only memory cell.

6. The nonvolatile memory of claim 1, wherein the

memory cell can store a plurality of data bits at one time.

7. The nonvolatile memory of claim 1, wherein the
predetermined range is approximately 1 volt.

8. A method for setting a drain programming voitage
of a nonvolatile memory, comprising the steps of:
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the drain programming voltage. 13. The nonvol atile nmenory of claim
12, wherein t 8 ?yﬁf]éaﬂip\ﬁﬁéﬂﬂ‘m shetuit further conprises a third nenory
transistor thAit as an effective channel | engt h substantially
equal to that of the first nenory transistor of the nenory array and that
of the secondpamweory @ faAbGs9eg of the vol tage setting circuit. 14.
A nonvol atile menmory, conprising: C f" a nenory array having at |east
a first nenory transi stor coupled to a bit line, wherein the first

menory transistor,includes. a drain regigon upl N bijt }i a
source region, a ¥t r%‘?tgjarf%, aanft;lrasq'g vélﬁﬁgo%toﬁ%gets%gtng,lnahrﬁei h t jéﬁﬁ rst
menory transi st orvoltagd ukgwedr dfntheddsain RreEEANNG RS9 engt h;

(?2) ? drain prf)tgramn' ngeﬂ@iﬂ@g%{lﬁer%r@ﬂ ooas.:l:;écwiot a dra(i@xlépbﬁdgfamﬁﬁ ng
programm ng vol tage source an e bit . ihe _for praoviding_a '
progranmi ng vol tag%lrt%g% hgeneratypn; ¢irghibn OO%n Fﬁg f|°rn§7t°1r?écr%rey %ngé\& st or
via the bit sigme that ngher ograimi reradramm iy r yoliager yIeRapdt b,

wherein the drai{yc P OI'fHIRAGesY OLthadedraaNe A dMAmming C¥bLihge hamn a
control | abl e resistance that var iegs i_n i ccﬁggﬁc%e vvitgh the effective

channel |ength of2§frrdance (itdy thendtyStr¥astStor such that the drain
pr ogr anm ng (c) selecting a plurality of memory cells of the

nonvolatile memory for programming by applying the
drain programming voltage to the selected plurality of
memory cells for a predetermined programming time;

(d) measuring a threshold voltage of one of the
selected memory cells after programming;

(e) comparing the threshold voltage measured with a
predetermined programmed threshold voltage for the
nonvolatile memory;

(f) if the voltage level of the threshold voltage
measured is not within a predetermined range of the
predetermined programmed threshold voltage, then
changing the drain programming voltage by changing the
first value and repeating steps (b) through (e);

(g) 1if the voltage 1level of the threshold voltage
measured is within the predetermined range of the
predetermined programmed threshold voltage, then
storing the first value in the nonvolatile memory to
constantly control the drain programming voltage
generation circuit to generate the drain programming
voltage in accordance with the first value such that
the nonvolatile memory is programmed to the
predetermined programmed threshold voltage'within the

predetermined programming time.

_ 9. The method of claim 8, further comprising the step
of selectively turning on a particular combination of the
plurality of transistors of a voltage setting circuit of the
drain programming voltage generation circuit in accordance

with the first value such that the drain programming voltage
—_—
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vol'tagé generation circuit generates the drain

-27- . programmin Liage that al so varies with respect to t he
ef fecti msdhm{a@‘?‘@%%“ of the first nmenory transi stor, wherein the
drain programm ng vol tage .generation circuit further conprises:

(i) a plurality@yf AUSM89Ftors connected in parallel for providing the
control Pd#e resistance, wherein the ~25tontrollable resistance is

slel ec][ ed byf sel ectively turning on a particul ar conbination of the
plurality o ransj. r.S. 5. 1.d0 n LLgs f
Claim 14, opReERsiCRoRi Y, seperager o (BralRTHEGL a4 TRt aR

drai n progr amergovernggevybhekle i Birsh m@le- wherein each of the

10. The method of claim 8 wherein the nonvolatile
memory is an electrically erasable and electrically

programmable read only memory.

11. The method of claim 8, wherein the predetermined

range is approximately 1 volt.

12. A nonvolatile memory residing on a single
substrate, comprising;
(A) a memory array having at least a first memory
transistor coupled to a bit line, wherein the first
memory transistor includes a drain region coupled to
the bit line, a source region, a control gate, and a
floating gate, wherein the first memory transistor .
further includes an effective channel length;
(B) a drain programming voltage generation circuit
coupled to a programming voltage source and the bit
line for providing a drain pfogramming voltage to the
drain region of the first memory transistor via the bit
line during programming of the first memory transistor,
wherein the drain programming voltage generation
circuit further comprises: _
(i) a voltage setting circuit for setting the voltage
level of the drain programming voltage, wherein the
voltage setting circuit further comprises a second
memory, transistor that has an effective channel length
substantially equal to that of the first memory,
transistor of the memory, array such that the drain
programming voltage generation circuit generates the
drain programming voltage that also varies with respect
to the effective channel length of the first memory
transistor;
(ii) a current  mirror circuit coupled to the

programming voltage source for providing a

I
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plurality of transistors has a gate coupled to the control circuit, wherein
the control circuit selectively turns on a particular conbination of t he

plurality of transistors in accordance with a contﬂ?% lg"i‘ﬁéj?e@%@élﬁ\;\ﬁlt'“he

control circuit. 16. The nonvol atile nenory of clarm erein the
drain programm ng voltage generation ci rcw t furthe :

(ii) a current mrror circuit coupl ed 267 t Date: ég&@mng

vol t age source for provi di ng a substantially constant first
current; (1 1dhs 1%6.'L1f0|c|og%@5n9'fc %,& &%ipénecd to (1) the

programming volta esourc current mrro circuit, (3) the
plurality of tranSiistlots S%e( 4fohhower  ipquitt ofcoﬁlﬁ'éeér are pfl))grdﬂiﬁ ng

vol t age generatlQj’rogranm(:ﬂrfgcukrblfzéljepr&yuﬂié‘,g t(zg flthét curremt tooi At

plurality of transi L OfS an settlin put, node
of the drain prografrsrm hg véﬂg)t gﬁe rsaetq-‘t&ﬁ] %i§ rqm‘%lrto ?Illl(g 33(5:1
progranmi ng vol t Eput  ofpwhghei ndthlen smmgeramlllnawev%tmeu tgemtrsatazs;)ra
positive f eadbacki d oo tp}&\ﬁﬂdqnbheﬁh%utﬂq&tstnqdfrﬂ&tbec&bﬁrm\yoltage

charged to the dr a| rqugogrcalrpgugg VO agfeor

charging and settling the
output node of the drain programming voltage generation
circuit to the drain programming voltage, wherein the
source follower circuit acts as a positive feedback
loop to help the output node to be quickly charged to

the drain programming voltage.

13. The nonvolatile memory of claim 12, wherein the
current mirror circuit further comprises a third memory
transistor that has an effective channel length
substantially equal to that of the first memory transistor
of the memory array and that of the second memory transistor

of the voltage setting circuit.

14. A nonvolatile memory, comprising:

(A) a memory array having at least a -first memory
transistor coupled to a bit 1line, wherein the first
memory transistor includes a drain 'region coupled to
the bit line, a source region, a control gate, and a
floating gate, wherein the first memory transistor
further includes an effective channel length;

(B) a drain programming voltage generation circuit
coupled to a programming voltage source and the bit
line for providing a drain programming voltage to the
drain region of the first memory transistor via the bit
line during programming of the first memory transistor,
wherein the drain programming voltage generation
circuit has a controllable resistance that varies in
accordance with the effective channel length of the
first memory transistor such that the drain programming

voltage generation circuit generates the drain

| RN O AR AU [_AmENDED _sHeET |




'fhis is the replacement sheet

Date: 2 ( AUG 1998

-27—

programming voltage that also varies with respect to
the effective channel length of the first memory
transistor, wherein the drain programming voltage
generation circuit further comprises:

(i) a plurality of transistors connected in parallel
for providing the controllable resistance, wherein the
controllable resistance is selected by selectively
turning on a particular combination of the plurality of

transistors.

15. The nonvolatile memory of <claim 14, further
comprising a control circuit coupled to the drain
programming voltage generation circuit, wherein each of the
plurality of transistors has-a gate coupled to the control
circuit, wherein the control circuit selectively turns on a
particular combination of the plurality of transistors in
accordance with a control value stored in the control

circuit.

16. The nonvolatile memory of claim 20, wherein the
drain programming voltage genération circuit further
comprises: '

(ii) a current mirror circuit coupled to the
programming voltage source for providing a
substantially constant first current;
(iii)a source follower circuit coupled to (1) the
programming voltage source, (2) the current mirror
circuit, (3) the plurality of transistors, and (4) an
output of the drain programming voltage generation
circuit for providing the first current to the
plurality of transistors and for charging and settling
the output node of the drain programming voltage
generation circuit to the drain programming voltage,
wherein the source follower circuit acts as a positive
feedback loop to help the output node to be quickly
charged to the drain programming voltage.
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