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CIRCUITRY AND METHOD FOR SELECTING A DRAIN 

PROGRAMMING VOLTAGE FOR A NONVOLATILE MEMORY 

FIELD OF THE INVENTION 

The present invention pertains to the field of computer memories. 

More particularly, this invention relates to circuitry and a method for 

selecting a drain programming 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 completion of processing is 

completely surrounded by insulating layers 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 cells is a MOS transistor 

having a floating gate. Energetic electrons are created in the silicon 

channel. The electrons are attracted .and captured into the floating gate, 

thus altering the threshold voltage of that memory cell. The threshold 

voltage is the mini~um amount of voltage that must be applied to the 

control gate before the memory cell is tutn.ed "on" to permit conduction 

between its source and drain region. The threshold voltage 
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characteristic of the memory cell is controlled by the amount of charge 

that is retained on the floating gate of the memory cell. Such a cell is 

now said to be "programmed." The programming characteristics of a 
.. -· 

cell are exponential with respect to time. 

Memory cell 10 is programmed (i.e., negatively charging the 

floating gate) by coupling control gate 11 to a gate programming 

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 injection 

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 VTP· 

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 1 O·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 voltage VTP of the cell. One of the factqrs 

that affects the programming ability of cell 10 is the effective channel 

length Leff of the cell. Another factor is the peripheral circuitry that 

performs the programming operation to cell 10. For purposes of 

simplicity, the effective channel length Leff of the cell can be considered 

as quantifying the process variations and other variations. For example, 
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lithographic, etching, and diffusion processes all contribute to the 

process variations. Figure 2A illustrates the relationship of the threshold 

voltage Vt of memory cell 10 during programming with respect to the 

programming time and the effective channel length Leff. 

In Figure 2A, curve 21 is an example of the relationship between 

the threshold voltage and the programming time of cell 10 when the 

effective channel length Lett of cell 10 is 0.3µm. Curve 22 indicates the 

relationship between the threshold voltage and programming time of 

cell 10 when the effective channel length Lett of cell 1 O is 0.4µm. As can 

be seen from Figure 2A, if the effective channel length Lett 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 EPROMs typically causes the programming time to vary 

from flash EPROM to flash EPROM when th.e prior flash EPROMs 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 28 illustrates the relationship of the threshold voltage Vt of 

memory cell 10 during programming with respect to the programming 

t~me and the programming drain voltage Vo applied to memory cell 10. 

Memory cell 1 O has a given programming ability in Figure 28. 
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In Figure 28, curve 23 is an illustration of ~he relationship 

between the threshold voltage and the programming time of cell 10 

when the programming drain voltage Vo is approximately 6 volts. Curve 

24 illustrates the relationship between the threshold voltage and the 

programming time of cell 10 when the programming drain voltage Vo is 

approximately 5 volts. As can be seen from Figure 28, if the 

programming drain voltage Vo 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 vottage 

generation circuit 3Q··for generating a drain programming voltage for 

programming memory cells of a prior flash EPROM. Once drain 

programming voltage 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 length Lett 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 cells can also be used to activate (or deactivate) 

redundancy cells 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. 
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SUMMARY AND OBJECTS OF THE INVENTION 

One of the objects of the present invention is to provide circuitry 

and a method for selecting a drain programming voltage for a 

nonvolatile memory in order to compensate for differences in 

programming ability. 

Another object of the present invention is to pro"'.ide circuitry and 

a method for measuring the programming ability of a nonvolatile 

memory after fabrication and then setting the drain programming 

voltage for the nonvolatile memory in accordance with the measured 

programming ability such that the nonvolatile memory can be 

programmed to a predetermined programmed threshold voltage within 

a predetermined programming time. 

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 memory is first determined 

after the nonvolatile memory is fabricated. The drain programming 

voltage is then set in accordance with the programming ability of the 

nonvolatile 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. 
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A nonvolatile memory residing on a single substrate is described. 

The nonvolatile memory includes a memory array having at least one 

memory cell. The memory cell includes a drain region, a source region, 

a control gate, and a floating gate. A drain programming voltage 

generation 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 voltage 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 voltage of a nonvolatile 

memory is also described. A first value corresponding to a first voltage 

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 voltage 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 voltage 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 voltage 

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 generation: 

circuit to generate the drain programming voltage in accordance with 
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the first value such that the nonvolatile memory is programm9d to the 

predetermined programmed threshold voltage within the predetermined 

programming 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. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention is illustrated by way of example and not 

limitation in the figures of the accompanying drawings, in which like 
.. . . 

references indicate similar elements and in which: 

Figure 1 is a schematic diagram of a floating gate memory cell of 

a flash EPROM; 

Figure 2A is a voltage-time diagram illustrating the threshold 

voltage of the memory cell of Figure 1 with. respect to the programming 

time and the effective channel length of the memory cell; 

Figure 28 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 68 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 voltage generation. circuit of Figure 4; 

Figure 10 is a circuit diagram that shows another, embodiment of 

the drain programming voltage generation circuit of Figure 4; and 

Figure 11 is a circuit diagram that shows a further embodiment of 

the drain programming voltage generation circai~ of Figure ~-
·• 
•'. 
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DETAILED DESCRIPTION 

Figure 4 is a block diagram of flash EPROM 40 that includes 
drain programming voltage generation circuit 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 voltages between flash EPROM 40 and 
other flash EPROMs. 

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. 
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Control circuitry 46 also includes data buffers coupled to memory array 

41 via bus 61 and Y gating 44 for buffering the data read from memory 

array 41 or the data to be programmed into memory array 41 at 

addresses. Moreover, control circuitry 46 also includes write state 

circuitry and command state circuitry. The write state circuitry steps 

flash EPROM 40 through multi-step sequences to ·program or erase 

memory array 41 with only an initiating command from the external 

circuitry. The command state circuitry decodes each command received 

and generates the appropriate control signals to the write state circuitry. 

Control circuitry 46 is coupled to receive external addresses via 

address bus 62 and data and commands via data bus 63. Control 

circuitry 46 also applies data to the external circuitry via data bus 63. 

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 returns 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 ttie test mode, a series of tests can be conducted to 

determine wheth~r 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 control 

circuitry 46 to configure flash EPROM 40 during and after the tests. 

Flash EPROM-:':1-0 also incl~des a drain programming voltage 

generation circuit 50 ajid a configuration logic 51. Drain programming 

voltage generation cireuit 50 generates a drain programming voltage 
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Vop 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 logic 51 is used to adjust 
. . -

the voltage level of the drain programming voltage Vop 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 voltage levels of drain programming voltage Vop 

can have the effect of (1) slowing down the otherwise fast programming 

cells 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 Vop for flash EPROM 40, the actual programming time and 

programmed threshold voltage 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 

EPROMs. In other words, the programming times and the programmed 

threshold voltages of the flash EPROMs 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 voltage generation circuit 50 in conjunction 

with configuration cells 45 cause a drain programming voltage Vop 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. -

Vpp is the program/erase power supply voltage for flash '.f~PROM 

40. Vpp is also coupled to drain programming voltage generation circuit 
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50. Vee is the device power supply for flash EPROM 40 and Vss is 

ground. For one embodiment, Vpp is approximately 12.0 volts and V cc 

is approximately 5.0 volts. The memory OJ'.>eratio~s of flash EPROM 40 

include read, programming, and erasure. 

After flash EPROM 40 is fabricated but before it reaches the end 

user, flash EPAOM 40 is connected to test system 85 for determining the 

appropriate drain programming voltage Vop as shown in Figure 5. Test 

system 85 is a computer controlled test system. Test system 85 causes 

.flash EPA OM 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 

Vop for flash EPROM 40. The process of determining and setting the 

appropriate drain programming voltage Vop is implemented by a 

software program that is executed in test system 85. 

As shown in Figures 6A and 68, 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 voltage 

VTPMAX and the minimum programmed threshold voltage VTPMIN for 
flash EPROM 40. The VTPMAX voltage represents the highest 

programmed threshold voltage that is allowed for flash EPROM 40. ·The 

VTPMIN voltage represents the lowest programmed threshold voltage 

that is allowed for flash EPROM 40. By setting the VTPMAX and VTPMIN 

voltages, a voltage window is provided that allows the actual 
programmed threshold voltage VT of flash EPAOM 40 to vary within the 

voltage window. For one embodiment, the VTPMAX voltage is set at 6.8 

volts and the VTPMIN voltage is set at 6.0 volts. 

The programmed threshold voltage Vr should be at least 

approximately 5.0 volts. To safeguard flash·EPROM 40 from aging, the 

initial programmed threshold voltage should be set higher than 5.0_ 

volts. Aging means that the programmed threshold voltage VT may drop 

during the lifetime of flash EPROM 40. 

_The voltage window defined by the VTPMAX and VTPMIN voltage is 
provided in order to allow the actual programmed threshold voltage of 

the memory cells of flash EPROM 40 to vary within that range. This is 
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because the programming ability may vary slightly from one memory 

cell to another memory cell within the single flash EPROM 40. 

The voltage level of the VTPMAX voltage is selected such that it 

will not cause overstress to the memory cells being 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 V GP to a 

predetermined value at step 102. For one embodiment, the gate 

programming voltage V GP is set at approximately 12 volts. Test system 

85 then sets the programming time T F for flash EPROM 40 to a 

predetermined value at step 103. 

For one embodiment, the programming time T p 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 Vop via 

configuration logic 51 at step 104. Test system 85 controls configuration 

logic 51 to set the voltage level of the Vop voltage generated by the 

drain programming voltage generation circuit 50. Test system 85 

accesses configuration logic 51 via control circuit 46 and bus 65 to 

control the setting the voltage level of !he Vop voltage. The Vop voltage 

can be set at different voltage levels. The .voltage levels of the Vop 

voltage can be set evenly apart or unevenly apart. 

For one embodiment, the Vop voltage is set at four different 

voltage levels. For this embodiment, the lowest voltage level of the Vop 

voltage is set at 5.1 volts. The second voltage level of the Vop voltage is 

set at 5.6 volts. The difference in voltage levels is 0.5 volts. The third 

voltage level of the Vop voltage is set at 5.8 volts. The difference in 

voltage levels is 0.2 volts. The fourth voltage level of the Vop voltage is 

set at 6.2 volts. The difference in volta:;Je levels is 0.4 volts. The uneven 

steps in voltage levels provide a quick ra(llp-up to th~ most likely 

voltage levels, with a fine resolution for the programming time Tp. For 
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an alternative embodiment, the four voltage levels of the Vop voltage 

can be set in even steps from 5.1 volts to 6.2 volts. 

For another embodiment, the Vop voltage can be set at eight 
.. . 

different voltage levels. For a further embodiment, the Vop voltage can 

be set at sixteen different voltage levels. For still a further embodiment, 

the different voltage levels of the Vop voltage are set from 5.2 volts to 

6.6 volts. The more voltage levels the Vop voltage has, the finer 

resolution the programming time T p can be. 

Initially, test system 85 causes configuration logic 51 to start at 

the highest voltage level of the Vop voltage at step 104. At this step, test 

system 85 sends a control value associated with the highest voltage 

value of the Vop 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 Vop 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 voltage level of the Vop 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 Vop during a device characterization process of 

flash EPROM 40. In other words, the selected rows in this process are 

preselected rows. These preselected 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. 
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If, at step 106, the selected row is an unprogrammed memory 

row, then the process moves to step 107, at which test system 85 

causes control circuitry 46 to program the selected memory row. Test 

system 85 causes the predetermined gate.programming voltage VGP to 

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 Vop 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 Vop 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 T p. Test system 85 causes control 

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

predetermined programming. time T p. Control circuitry 46 does this by 

changing the pulse width of the VGP and Vop voltages applied to the 

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

predetermined programming time T p. The predetermined programming 

time T p is stored in control circuitry 46. 

At step 108, test system 85 detects through control circuitry 46 the 

programmed threshold voltage VT of each of the memory cells of the 

selected row. Test system 85 determines the highest threshold voltage 

VTH and the lowest threshold voltage VTL among the programmed 

memory cells of the selected row. At step 109, test system 85 compares 

the VTH voltage with the maximum programmed threshold voltage 

VTPMAX· Test system 85 also compares the VTL voltage with the 

minimum programmed threshold voltage VTPMIN· 

At step 1.10, test system 85 determines if the VTL and T TH 

voltages are within the voltage window defined by the VTPMAX and 

VTPMIN voltages. If the VTH and VTL voltages are within the voltage 

window of the VTPMAX and VTPMIN voltages, then the process moves to 

step 120, at which th~ _control va_lue in configuration logic 51 (that 

determines the voltag:e level of the Vop voltage) is then stored in 

configuration cells 45, The process then ends at step 121. 
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As can be seen from Figure 4, configuration cells 45 are coupled 

to configuration logic 51 via bus 64. Configuration cells 45 store the 

control value in a nonvolatile manner. Configuration cells 45 are 
.. -

transparent to the end user and can only be accessed by test system 85. 

By storing the control value in configuration cells 45, drain 

programming voltage generation circuit 50 is constantly controlled to 

generate the Vop voltage at the voltage level determined by the control 

value after flash EPROM 40 exits the test mode. This ensures that the 

drain programming voltage Vop is properly tailored for the programming 

ability of the memory cells of flash EPROM 40. 

If, at step 110, it is determined that the VTH and VTL voltages are 

not within the voltage window defined by the VTPMAX and VTPMIN 

voltages, then test system 85 moves to step 111 at which another 

judgment is made to determine if the VTL voltage is lower than the 

VTPMIN voltage and the VTH 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 VTL 

voltage is higher than the VTPMIN voltage and the VTH 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 VTL voltage and the VTH voltage are 

determined to be higher than the VTPMIN voltage and the VTPMAX 

voltage, respectively, the process moves to step 115, at which the Vop 

voltage is compared with the VoPMIN voltage. The VoPMIN voltage is the 

lowest voltage levet set for the Vop voltage. If, at step 115, the Vop 

voltage is equal to the VoPMIN voltage, then at step 117 flash EPROM 40 

is labeled ~s a failure. If not, the Vop voltage is decreased at step 116 

to the next voltage level set for the Vop voltage and step 105 becomes 

the next step to repeat the process until the appropriate Vop voltage is 

found for flash EPROM 40. 

Figure 7 illustrates the circuit of drain programming voltage 

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. 
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Flash EPROM cell 81 is one of the memory cells of memory array 41 of 

Figure 4. Load transistor 80 is also coupled to the programming voltage 

Vpp. Load transistor 80 is an N channel transistor. The gate of load 

transistor 80 is coupled to an output node 70a of drain programming 

voltage generation circuit 70 for receiving a gate voltage VPN· The gate 

voltage VPN controls load transistor 80 to apply the drain programming 

voltage Vop to the drain region of cell 81 during programming. The 

voltage level of the Vop voltage is therefore equal to that of the VpN 

voltage minus the threshold voltage of load transistor 80. Therefore, the 

Vop voltage follows the VPN voltage. 

Drain programming voltage generation circuit 70 includes (1) a 
. •l'-•'"d 

current mirror circuit formed by P-channel transistors 71-72 and 75-77, 

(2) a source· follower circuit formed by N-channel transistors 73 and 7 4, 

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 SEL 1 through SEL3. The selection signals SEL 1-SEL3 turn on 

or tum 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 12 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 12 

current acts as a function of an I 1 current that flows through transistors 

75-77. The current level of the 11 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 11 
current is accurately set, the.12 current generated by the current mirror 

circuit is also accurately set Transistors 75-77 are constantly turned on. 

As described above, the 11 current is dependent on the size of 

;::transistors 75-77. Therefore, by adjusting the size of transistors 75-77 
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during fabrication, the 11 current can be changed. Therefore, transistors 

75-77 act as a current setting circuit of the current mirror circuit. 

As described above, the source follower circuit of circuit 70 

includes N-channel transistors 73-74. Traiisistor.73 has its drain 

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 73-7 4 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 yoltage of transistor 74. 

As can be seen from Figure 7, transistors 79a-79c are selectively 

turned on by the SEL 1-SEL3 signals in order to adjust the voltage level 

of the Vop 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 511. Configuration register 51a and configuration cell 45b are 

coupled to multiplexer 51 d. Configuration register 51 b and 

configuration cell 45c are coupled to multiplexer 51e and configuration 

register 51c and configuration cell 45d are coupled to multiplexer 51f. 

Multiplexers 51 d-51 f generate the SEL 1-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 SEL 1-SEL3 signals from either configuration registers 51a-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 51 d-51 f to select the output of its respective one of 

configuration registers 51a-51c as its output signal. Configuration 
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registers 51 a-51 c are accessed by test system 85 (Figure 5) via control 

circuitry 46 during the test mode of flash EPROM 40 to adjust the voltage 

level of the Vop voltage. Test system 85 sends the control value that 

causes drain programming voltage generafion circuit 50 to generate the 

Vop voltage in accordance with the control value. The control value is 

then applied to become the SEL 1-SEL3 signals from configuration 

registers 51a-51c. If the appropriate Vop voltage is generated, the 

control value is then stored into configuration cells 45b-45d. 

Configuration cell 45a is then programmed to cause each of 

multiplexers 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 

51a-51c by test system 85 {Figure 5) that causes the Vop voltage to be 

generated again until the appropriate voltage level of the Vop 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 Vop. 

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 ~ontrol 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 voltage generation 

circuit 50 of flash EPROM 40 of Figure 4, configuration logic 51 is not 

required. Instead, the Vop voltage generated by circuit 160 

automatically tracks the effective channel length of a memory cell of the 
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flash EPROM. The effective channel length of a memory cell can be 

considered as quantifying the process variation and other variations. 

Given that transistors 169 and 81 are both flash EPROM 

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 

cell is off target. 

Because transistor 169 is a flash EPROM transistor, the level of 

the Vop voltage varies as a function of the effective channet"length of 

transistor 169. The longer the effective channel length, the higher the 

dr~in voltage Vop. The shorter the effective channel length, the lower 

the drain voltage Vop. Thus, the drain voltage Vop 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 Vop set by circuit 160 is used 

for all the memory cells of the flash EPROM. This yields saUsfactory 

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 transi!?tor -

does not change after fabrication. 
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Flash EPROM transistor 187 permits relatively accurate tra~king 

of the variation of the effective channel length of flash EPROM cell 81. 

By replacing a P-channel transistor with a flash EPROM transistor 187, 

the 12 current is also made to track the variation in the effective channel 

length of flash EPROM cell 81. This in tum causes the Vop voltage to 

more accurately track the effective channel length of flash EPROM cell 

81. 

For alternative embodiments, circuits 70, 130, 160, or 180 are 

used in configurations that maintain tight distributions of programming 

times and programmed threshold voltages from cell-to-cell within a 

single flash EPROM. For these alternative embodiments, different cells 

within a single flash EPROM are assigned different drain voltages 

dependent upon the programming ability of each respe~tive memory 

cell. 

In the foregoing specification, the invention has been described 

with reference to specific embodiments thereof. It 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 illustrat!ve rather than a restrictive 

sense. 
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CLAIMS 

1. A nonvolatile memory, comprising: 

l\ll\111 l\ll\l llll\ '"" "1111 * C L M S * 

(A) a memory array havirig a~ least a_~emo_ry cell, wherein the 

memory cell includes a drain region, a source region, a control gate, and a 

floating gate; 

(B) a drain 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 drail'.1 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 ~ 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 value in the control circuit, wherein the control value 

can be changed after the control vlaue is set in the control circuit. 

2. The nonvolatile memory of claim 1 , wherein the drain 

programming voltage generation circuit further comprises a voltage setting 

circuit for setting the voltage 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. 
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3. The nonvolatile memory of claim 2, wherein the voltage setting 

.circuit of the drain programming voltage generation circuit further comprises 

a plurality of transistors connected in parallel, 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 the control 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; 

(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 tha 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 nonvolatile memory, 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 
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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 further c~mprises a voltage setting 

circuit for setting the voltage level of the drain programming voltage, wherein 

the voltage setting circuit of the drain programming voltage generation 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 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 voltage 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 voltage of one of the selected memory 

cells after programming; 
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(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) 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 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. 

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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(b) 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 . 
.. 

14. The nonvolatile memory of claim 13, 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 th·e second memory transistor of the voltage setting 

circuit. 

15. A nonvolatile memory, comprising: 

(A) a memory array having at least a iirst 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; 

. (8) 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 

li1iifiiHr 



27 
I If lllll llllll lllll lllll II llll 

. C L M S * 

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. 

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 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. 

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; 

(ii) 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. 


