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Sensing state of a memory by variable gate voltage. 

s FIELD OF THE INVENTION 

PCI'/US95/12082 

The present invention relates generally to sensing the state of 

memory cells in a memory array. More specifically, the present 

invention relates to sensing the state. of flash memory cells storing 

multiple bits per cell by applying a variable gate voltage to the gates of 

10 the cells and detecting the gate voltage that generates a cell current 

equal to a fixed reference current. 

BACKGROUND OF THE INVENTION 

Various types of prior floating gate memories are known, such 

as erasable programmable read-only memory (''EPROM"}, electrically-

15 erasable programmable read-only memory ("EEPROM"), and the flash 

electrically-erasable programmable read-only memory ("flash 

EEPROM") .. One prior flash memory technology is the ETOX™ II 

technology of Intel Corporation of Santa Clara, California. FIG. lA 

· · shows a prior ETOX™ II flash memory cell 10 of Intel Corporation. 

20 Prior flash memory cell 10 has a top gate 12, a floating gate 14, a source 

16, and a drain 18. Source 16 and drain 18 reside within a substrate 20. 

Substrate 20 is grounded. Flash memory cell 10 is comprised of a 

single transistor. FIG. lB shows a symbolic representation of flash 

memory cell 10 that is used to represent flash memory cell 10 in circuit 

25 schematics. 

... . 
·:•.; 
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Referring again to FIG. lA, floating gate 14 is used for charge 

storage. The logic state of flash memory cell 10 is determined by the 

amount of charge stored on floating gate 14. Electrons are placed on 

floating gate 14 during a programming process by a mechanism 

s known as hot electron injection. Electrons are removed from floating 

gate 14 during an erase process by a mechanism known as tunneling. 

Source 16 comprises a top n+ region and a bottom n region that 

together create a graded junction capable of withstanding a high 

source voltage during erase. 

10 FIG. lC illustrates certain current and voltage characteristics of 

flash memory cell 10. Curve 32isan1-V characteristic offlash 

memory cell 10 when floating gate 14 stores little or no charge, i.e. the 

cell is in an erased state. In this state, flash memory cell 10 is said to 

store a logic 1. Curve 34 is an J.;V characteristic of fillsh memory cell 10 

15 w~en floating gate 14 stores substantial charge. In this state, flash 

memory cell 10 is said to store a logic 0. Curves 32 and 34 show that 

charge stored on floating gate 14 shifts the 1-V characteriStic of 

memory cell 10 to the right. In.other words;.charge stored on floating 

gate 14 increases the threshold voltage of the flash memory cell 10. 

20 The logic state of a memory cell is sensed (or detected) during 

either .a read or verify operation. A read oper.ation reads the data 

stored in the cell for delivery to another unit. A verify operation 

reads the data stored in the cell after programming to verify that the 

cell has been programmed to the proper state. Sensing is the process 

25 of determining the logic state of, or data stored in, a: ~emory cell. 

' 
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Reference curve 36 is a 1-V characteristic of a flash reference cell that 

may be used for sensing the state of flash memory cell 10. A logic 1 is 

sensed if the drain current of flash memory cell 10 is greater than the 

drain current of the flash reference cell (corresponding to the 1-V 

s clw'acteristic of flash memory cell 10 being to the left of reference 

curve 36). A logic 0 is sensed if the current of flash memory cell 10 is 

smaller than the. current of the flash reference cell (corresponding to 

the 1-V characteristic of flash memory cell 10 being to the right of 

reference curve 36). Typical prior commercial flash memory devices 

10 have stored only two logic states, logic 0 and logic 1 (i.e., one bit per 

cell), in each flash.memory cell due in part to difficulties with 

accurately programming and sensing intermediate amounts of charge 

on floating gate 14. 

FIG. lA shows one prior configuration for sensing the logic 

15 state of flash memory cell 10. For sensing, the drain voltage, V w is set 

to about 1.0 volts, the source 16 is grounded, and the top gate voltage, 

V TG' is set to a fixed voltage on the order of 5.0 volts. (Typically the 

supply voltage, V cc, is used as the fixed voltage.) The drain current is 

sensed to determine .whether. flash memory cell 10 stores a logic 0 or a 

20 logic 1. A high drain current (indicating little or no charge on floating 

gate 14) indicates a logic 1 while a low drain current (indicating 

substantial ciw'ge on floating gate 14) indicates a logic O. 

FIG. 2A shows a prior sensing circuit 40 for sensing the logic 

state of a flash m~mory cell 48. Flash memory cell 48 is one cell of an 

25 array of flash memory cells. Sensing circuit 40 includes a fir~t chain of 
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sericilly-connected n-type transistors comprisiq.g: a load transistor 42, a 

cascode transistor 44, and a column select transistor 46. At the end of 

the first transistor chain is flash memory ·cell 48 which has been 

selected for serising by the appropnate column and ;row select lines of 

s the flash memory array. A drain bias.circuit 47, including cascode 

transistor 44 and. a feedback inverter 45, isolates load transistor 42 from 

selected flash memory cell 48 and,'establishes, a constant drain bias ( 

voltage of about 1.0 volts at the drain of flash memory cell 48. A fixed 

voltage V cc of about 5.0 volts is applied to the top gilte of flash 

10 memory cell 48 causing a current 11 ·to flow in flash' memory cell 48 

and through the first transistor chain. The magnitude of current I1 is 

a function of the logic state of flash memory cell 48, (i.e., a function of 

the amount of charge stored on the floating gate of flash memory cell 

48). The Current I1 establishes a· voltage at node SENl 50 according to 

15 the 1-V characteristic of load transistor 42 shown in FIG. 2B. 

Referring again to FIG. 2A, voltage V sENl at node SENl 50 is 

compared to a reference voltage V REF established by a second transistor 

chain at node REF 60. The second chain of serially-connected n-type 

transistors includes a load transistor 52, a cascode transistor 54, and a 

20 reference select transistor 56, which respectively match the 

corresponding transistors of the first chain. ·Flash reference cell 58 is 

coupled to the end of the second transistor chain and is typically 

charged to have a reference characteristic similar to reference curve 36 

of FIG. lC. A drain bias circuit 57, including cascode transistor 54 and a 

25 feedback inverter 55, isolates load transistor 52 from fJash reference 
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cell 58 and establishes a constant drain bias voltage of about 1.0 volts at 
·: 

the drain of flash reference cell 58. The current in flash reference cell 

58 is converted to the reference voltage V REP at node REF 60. 

Differential amplifier 62 compares VsENl to VREP to determine the state 

s of flash memory cell.48. Detecting VsENl greater than VREP indicates 

logic state 0. Detecting V5EN1 less than VREP indicates logic state 1. 

Prior sensing circuit 40 is suitable for fast sensing of widely 

separated states, but suffers from significant problems when sensing of 

closely-spaced states is required. The voltage range of V SENt is typically 

10 designed to be between about 1.5 and 3.0 volts. The low end voltage 

on node SENl 50 is limited by the practical concerns of keeping 

differential amplifier 62 in its operational range and maintaining a 

constant drain bias voltage on flash memory cell 48. The high end 

voltage on node SENl 50 is limited by V co the Vt drop of load 

15 transistor 42, and the common mode rejection of the differential 

amplifier. FIG. 2B illustrates the voltage V5EN1 at node SENl 50 as a 

function of current 11. A typical two state (i.e., one bit) memory cell 

defines logic states to correspond to the 11 and V sENt corresponding to 

numbers 1 and .4 of the graph. For two states, the difference between 

20 the V5EN1 voltages corresponding to numbers 1 and 4 is relatively large. 

A four state (i.e., two bit) memory cell could define four logic states 

(such as 11, 10, 01, and 00) to correspond to numbers 1-4. With four 

states, the voltage differences between adjacent V SENt voltages is much 

smaller, making logic state sensing more difficult. 
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In an array of memory cells, other problems increase the 

difficulty of sensing states with prior sensing circuit 40 when multiple 

bits are stored in the memory cells. Typical commercial flash memory 

devices comprise niillion8 of flash memory cells in 'a. memory arr~y. 

5 Due to non-ideal processing conditions during manufacturing, 

individual memory cellS across the array have different characteristics. 

Varying cell characteristies, fluctuations in power supply voltages, 

variations in array sensitivity to temperature, and variations in array 

transconductance, Ccln each Cause the V SENl Voltage to Vary from ideal. 

10 To allow for such variations, a range of values is as$igned to each 

state. In other words, each state has a state width to account for 

variations· that affect sensing. The state width, in part, determines 

how many states a memory Cell can store. 

One factOr contributing to the state width is fluctuation in 

15 power supply voltages. Power supply.voltages vary within a specified 

tolerari~e over time. For example, a 5~0 ± 5% supply voltage may 

fluctuate between 4.75 and 5.25 volts over time. If the supply v~ltage 

during programming is different than during sensing of a memory 

Cell, the sensed state will be offset from its ideal value. 

20 Another factor contributing to the state .width is cell to cell 

variations in temperature sensitivity in a memory array. As 
. . 

temperature increa5es. electron mobility, Jle, decreases and threshold 

·. voltage, vtFG, d~creases. . Th~ impact of temperature changes on 

individual flash memory cells can be understood by· examining 

25 Equation 1. 

( 
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· Zeff : 
ID oc qµ,Cox -(VFV-V tFU}' 

. Leff 
(EQ.1) 

For a state very close to the power supply voltage (i.e., the floating gate 

5 is charged to approximately the power supply voltage), (V FG - V tFG) is 

very small causing changes in V tFG to dominate the temperature effect. 

Therefore, in this case rising temperature causes V tFG to decrease and I0 

to increase. For a state far away from the power supply voltage, 

temperature effects are dominated.by µe since (VFG - V tFG) is large. 

10 Therefore, in this case rising temperature causes I0 to decrease. In 

other words, rising temperature decreases drain current in cells 

having a high drain current during sensing but increases drain 

current in cells having a small drain current during sensing. Thus, in 

the prior sensing scheme, temperature affects arrays cells differently 

15 depending on their programmed state. Also, even for cells 

programmed to the same state there are cell-to-cell variations in 

sensitivity to temperature changes. So variations in temperature 

affects also contributes to the state width. 

Another factor contributing to the state width is variations in 

20 cell transconductance across a memory array. Transconductance of a 

field effect device such as a flash memory cell is defined in equation 2. 

(EQ.2) 
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Due to non-ideal process4tg conditions during manufacturing, the 

width and length (Zeff and Leff) of individual cells· (of the millions in 

a typical memory array) vary. The resulting transconductance 

variations ca\tse individual cells in the array to have different 1-V 

s characteristics. 

In summary, power supply variations, temperature effects, 

temperature effect variationsi and transconductance variations each ( 

contribute to the state width.· Because these factors tequire a relatively 

large state width and the prior sensing circuit 40 has a relatively 

10 narrow sensing range of 1.5 to 3.0 volts on the sensing node SENl · 50, 

it is difficult to use prior circuit 40 for sensing of mlilti-bit memory 

cells. 
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SUMMARY AND OBJECTS OF THE INVENTION 

One of. the objects of the present invention is to provide a 

method and apparatus for sensing the state of a floating gate memory 

cell by applying a variable gate .voltage to the memory cell and sensing 

5 the state of the memory cell when th.e cell current is substantially 

equal to a fixed reference current. 

Another of the objects of the present invention is to sense the 

state of individual memory cells in an array of memory cells at 

substantially the same cell condition, i.e. to sense individual memory 

10 cells at substantially the same cell current and effective gate voltage 

(effective V c-V t). 

Another of the objects of the present invention is to reduce the 

sensitivity of memory cell state s~ing to temperature, power supply, 

and transconductance variations. 

15 Another of the objects of the present invention is to sense the 

states of multi-bit memory cells.· 

An apparatus for dete~g a state of a memory cell that is 

programmed to one of a plurality of states is described. The apparatus 

includes a circuit for applying a variable voltage to the memory cell. 

20 The memory cell generates a cell current that is proportional to the 

variable voltage. Another circuit generates a fixed reference.current. 

The cell current and the fixed reference current are input to a circuit 

that detects when the cell current is substantially equal to the fixed 

reference current. Another circuit determines the state of the memory 
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cell according to a value of the variable gate vpltage when the cell 

current is substantially equal to the fixed reference current. 

Other object&, features, and advantages of the present invention 

will be apparent from the accompanying drawings and from the 

s detailed description that follows below. 

-. 

( 
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BRIEF DESCRimON OF mE PRAWINGS 

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. 

5 FIG. lA is a cross-sectional illustration of a prior art flash 

memory cell being sensed. 

FIG. lB is a circuit symbol for floating gate memory cells, such 

~ the flash memory cell of FIG. lA. 

FIG. lC illustrates certain current and voltage characteristics of 

10 the flash memory cell of FIG. lA. 

15 

20 

FIG. 2A is an electrical circuit schematic of a prior art sensing 

circuit. 

FIG. 2B is a graph of the voltage at node SENl 50 as a function 

of the current 11 of the circuit of FIG. 2A. 

FIG. 3A illustrates some factors that can contribute to the state 

width. 

FIG. 3B is a plot illustrating allocation of the 1-V characteristics 

of a floating gate memory cell into four states: stateO, statel, state2, and 

state3. 

FIG. 4A is an electrical circuit schematic of a circuit for sensing 

th~ state of memory cells by applying a variable gate voltage. 

FIG. 4B is a graph of the voltage at node SEN2 82 as a function 

of the current 12, both of the sensing circuit 88 of FIG. 4A. 
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FIG. SA is a block diagram of a sensing ~cuitthat utilizes a 

digital.;.to-analog (DI A) converter to generate a variable gate voltage 

(VGV). 

FIG. SB is a plot illustrating a stepped voltage produced by a 

s DI A converter. 

FIG. 6 is an electrical circuit schematic of another circUit for 

.. 

sensmg the state of memory.cells by applying a variable gate voltage. { · 

FIG. 7A is a block diagram of a sensing circuit 1that utilizes a 

ramp voltage and an analog-to-digital (A/D) converter. 

10 FIG. 7B is a plot illustrating a typical ramp voltage. 

FIG. 8 is a circuit schematic of an A/D converter that may be 

used as part sensing circuit 180 of FIG. 7 A. 

FIG. 9 is a flowchart of a method for sensing the state of a 

floating gate memory cell by applying a variable gate voltage. 



W096/10256 PCl'/US95/12082 

-13-

DETAILED DESCRJPIION 

One way to increase the storage density of floating gate non­

volatile memory devices (such as flash memory devices) is by storing 

multiple bits in a single memory cell. Because the floating gate can 

5 store a wide range of charge values (quantized by the charge of a single 

electron), different amounts of charge can be used to represent 

different states .in a memory cell. These different states can then be 

equated to bit patterns to produce a multi-bit storage element. For 

example, 16 states (16 unique charge values on the floating gate) could 

10 be used to represent four bits of binary data. Such a device would be a 

four bit memory cell. 

Practical considerations limit how many states can reliably be 

programmed and sensed in floating gate memory cells. Each state is 

assigned a range of values, i.e. a state width, to account for various 

15 non-ideal factors. FIG. 3A illustrates some factors that can contribute 

to the state width of a sensing scheme. The state width of FIG. 3A 

includes factors of state placement width, disturb mechanisms, power 

supply and gm variations, temperature effects, reference trim errors, 

and sensing errors. State placement width refers to errors that occur 

20 in programming a state due to noise, supply voltage variation, etc. 

Disturb mechanisms refer to errors due to leakage of electrons to or 

from the floating gates of either array cells or reference cells. Power 

supply and &n variations refer to supply voltage and cell-to-cell 

transconductance variations that cause sensing errors. Temperature 

25 effects refer to errors due to the temperature dependence of cell drain 
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current. Reference trim errors refers to error$ in tiimming (or setting) 

the values of the reference cells. Finally, sensing ehors refer to errors 

due to offsets and inaccuracies of the sensing cii'aJtr~ 

For sensing, multiple states.must be allocated to .,,:'.ned 
. . . 

s regions. Window budget is the allocation of the state wi; iw, the 

difference between an erased state (no charge on the float ; gate) and 

the highest programming state, to the intervening ~tates. The state ( 

width required -for accurate and reliable sensing and the width of the · 
. ·. 

state window determine in part how many states can be defined in a 

10 window budget. Therefore, the state width and sta~e window 

determine in part how many bits can be reliably programmed and 

sensed per memory cell. 

FIG. 3B illustrates the allocation of the 1-V characteristics of a 

flash memory cell to four states (states 0-3) to provide two bits of 

15 ·storage per cell. Recall that the effect of storing electtrons on the 

floating gate of a flash memory cell is to shift the cell's 1-V 

ciw:acteristic curve to a lower current (to the right) 'for a given gate 

voltage. 1-V characteristics 64, 66, and 68 are referertce curves that are 

representative of the characteristics of three flash reference cells" used 

20 in sensing. Gray-shaded areas 69 define the state placement width for 

each state. A gap 65 defines the minimum separatibn between a 

reference characteristic and the adjacent state placerltent width. Gap 65 

corresponds to the above-discussed state width factdrs except state 

placement. 



W096/10256 PCl'/US95/12082 

-15-

During sensing, the characteristics of a flash memory cell being 

sensed are compared to reference characteristics 64, 66, and 68 to 

determine the s~ate of th~ cell. One prior sensing scheme applies a 

fixed gate voltage to the cell and senses the drain current to determine 

5 the state of the flash memory cell. In contrast to this prior scheme, the 

present sensing scheme applies a variable gate voltage (VGV) to the 

·cell and detects the gate voltage that generates a cell current equal to a 

reference current, IREF. The detected gate voltage indicates the state of 

the sensed flash memory cell. The reference current at which sensing 

10 occurs and the state significance of the detected gate voltage are 

illustrated in FIG. 3B by the horizontal IREF current line 67 and the four 

ranges of top gate voltages that correspond to states 0-3. Note that in 

the present sensing scheme, all cells are sensed in the same condition -

,.. i.e., at the same drain current and effective gate voltage (effective V c-

15 Vt). 

FIG. 4A is a circuit schematic of a sensing circuit 88 for sensing 

the state of floating gate memory. cells by applying a variable gate 

voltage. Sensing circuit 88 includes a reference current generator 

circuit 87 comprising a p-type tl'.ansistor 70, a drain bias circuit 71, and a 

20 flash cell 72 The source of p-type transistor 70 is coupled to supply 

voltage V cc and its gate is coupled to its drain. The drain of p-type 

transistor 70 is coupled to the drain bias circuit 71. The drain bias 

circuit 71 is coupled to the drain of flash cell 72. The gate of flash cell 

72 is coupled to a fixed reference voltage, V REF' and its source is 

25 coupled to ground. Coupled in this manner, the reference current 
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generator generates a fixed reference Current, 'REF' The charge Stored 

on the floating gate of flash cell 72 may be adjusted in order to trim the 

IREF current to a particular value. 

Sensing circuit 88 also includes four serially-connected 

s transistors: a p.;.type load transistor 74, an n-type ca~ode transistor 76, 
. . . 

an n-type column select transistor 78, and a flash memory cell 80 that· 

has been selected for sensing. The source of load tr~istor 74 is 

coupled to supply voltage V cc and the source of flash memory cell 80 

is grounded. The gate of load transistor 74 is coupled to reference 

10 current generator circuit 87 a.t the drain of transistor' 70. The drain of 

load transistor 74 is coupled to a node SEN2 82. · Pot one embodiment, 

transistors 70 and 74 and flash cells 72 and 80 are respectively designed 

to have matching characteristics. 

A drain bias cirCuit 77, including cascode ·transistor 76 and a 

15 feedback inverter 75, isolates load transistor 74 from selected flash 

memory cell 80 and establishes a con.Stant drain bias voltage of about 

1.0 volts at the drain of flash memory cell 80. The gate of transistor 78 

is coupled to a column select signal that selects a particular column of 

the flash memory array for sensing. A row select device (not shown) 

20 selects a particular fla8h memory cell on the selected column. 

A variable gate voltage (VGV) is applied to the gate of flash 

memory cell 80 generating a current 12 in flash memory cell 80. For 

one embodiment, a variable gate voltage· increasing ·from zero volts is 

used. For other embodiment&, other types of variable gate voltages are 

25 used. The current 12 aISo flows through load transistor 74 which 
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generates a voltage V SEN2 at node SEN2 82 according to the I-V 
·: 

characteristic of FIG. 4B. As shown in FIG. 4B, when the variable gate 

voltage is such that current 12 is substantially equal to the reference 

current IREP, a sharp voltage transition occurs at node SEN2 82. 

5 Referring again to FIG. 4A, node SEN2 82 is coupled to the 

input of an inverter 84 whose output is coupled to the enable input of 

a latch 86. The data input of latch 86 is coupled to receive the digital 

value of the variable gate voltage. Latch 86 latches the digital value of 

the variable gate voltage in response to the voltage transition on node 

10 SEN2 82 that occurs when the cell current 12 is substantially the same 

as the reference current IREP. The latched digital value represents the 

sensed state of memory cell 80. 

In summary, the operation of sensing circuit 88 is as follows. 

Fixed reference current IREP is generated. The variable gate voltage is 

15 applied to the gate of flash memory cell 80 establishing current I2 in 

cell 80. Current 12flows through load transistor 74 which establishes a 

voltage at node SEN2 ~2 according to the characteristics of FIG. 4B. 

When the cell current 12 is substantially equal to the current IREP, a 

very steep voltage transition from about V cc (typically 5.0 volts) to 

20 about 0.0 volts occurs at node SEN2 82. The voltage transition causes 

latch 86 to latch the digital value of the variable gate voltage. The 

digital VGV value stored in latch 86 represents the state of flash 

memory cell 80. 

One advantage is that sensing circuit 88 helps to improve the 

25 . accuracy of state sensing. The steep voltage transition that occurs 
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when the reference current is detected provid~s accurate sensing of 

cells at the same condition. The accurate sensing ptovided _by the 

sensing circuit 88 allows· a smaller state width. 

Another advantage of sensing circuit 88 is that the reference 

5 current IREP (at which state sensing occurs) can be chosen to be 

relatively independent of temperature thereby proViding sensing that 

. is substantially temperature independent. As explained in the ( 

background on field-effect devices (such as flash m~mory cells), at low 

drain currents rising temperature causes drain current to increase, but 

10 at high dralli currents rising temperature causes dr.in current to· 

decrease. At an intermediate drain current, the opposing temperature 

effects cancel each other making the memory cell d\aracteristics 

substaritially independent of temperature. For one· embodiment, the 

reference current of the sensing circuit 88 is chosen such that sensing 

15 occurs when the cell drain currents are substantially independent of 

temperature. For one embodiment, a reference current IaEP of about 

10-20 µA has been found to provide sensing that is substantially 

independent of temperature. Temperature independent sensing . 

allows the state width to be reduced since temperature effects are 

20 minimized. 

Another advantage of sensing circuit 88 is. that it helps to 

minimize the sensitivity to fluctuations in power supply voltages. 

The transconductance gm of load transistor 74 is relatively small, 

meaning that power supply voltage variations are magnified by a 

2S lower transconductance &n· In addition, the reference current, at 
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which sensing occurs, can be chosen to minimize the effects of 

transconductance variation. Thus, transconductance considerations 

are reduced, allowing the state width to be reduced. 

The advantages of improved sensing accuracy, temperature 

s independent sensing, and minimized transconductance effects 

provided by sensing circuit 88 each help to reduce the required state 

width. Therefore, sensing circuit 88 helps to provide room for more 

states in the state window thereby allowing more bits to be stored in 

each memory cell. 

10 FIG. SA is a block diagram of a sensing circuit 90 that utilizes a 

digital-to-analog converter for generating the variable gate voltage. A 

counter 108 generates a digital counter value that is input to a 

plurality of latches.106 and a digital-to-analog (D/ A) converter 110. 

DI A converter 110 generates a variable gate voltage·in response to the 

15 digital counter v-1ue. For one embodiment, the digital counter value 

is sequentially incremented such that a stepped variable gate voltage 

.(as shown in FIG. SB) is generated. For other embodiments, counter 

108 generates predetermined digital values to produce predetermined 

variable gate voltages .. 

20 Referring again to FIG. SA, the variable gate voltage is input to a . 

wordline driver 112 that applies the variable gate voltage to the gates 

of memory cells in array 100 that have been selected for sensing. For 

one embodiment, memory cells 100 are flash memory cells. Each 

memory cell selected for sensing is coupled to a sense amplifier 102 

25 that detects when a cell current equal to a fixed reference current is 
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generated in that memory aill. A reference c~ent: generator 104 

provides the fixed reference current to the sen&e aatplifiers 102. 

Sense amplifiers 102 are correspondingly cou'.Pled to enable 

·inputs of a plurality of latches 106 such that latches 106 latch the digital 

s counter value when a corresponding sense amplifier 102 ·detects the 

fixed reference current. The latched digital counteri'value indicates the 

state of the corresponding sensed memory cell. The output of latches ( 

106 are read to provide the digital data stored in the sensed memory 

cells of array 100. 

10 FIG. 6 is ·an electrical circuit schematic of a flaSh memory array 

156 and associated sensing circuitry. A row voltage counter 150 

generates a digital counter value in response to a CLK and CONTROL 

signals. A digital-to-analog (DI A) converter 152 generates a variable 

gate voltage 153 in response to the digital counter value. A row 

15 decode block 154 applies· the variable gate voltage 153 to one of a 

· plurality of rows in a flash memory cell array 156 in response to a row 

address. Flash memory cell· array 156 comprises individual flash 

memory cells organized into rows and columns. The columns of 

array 156 are coupled to column select transistors 158 that select 

20 particular columns of array 156 for sensing. 

A plurality of cascode transistors 160 are coupled to column 

select transistors 158 for establishing a voltage of about 1.0 volts on the 

drain of each memory cell selected for sensing. Precharge transistors 

162 are coupled to the cascode devices 160 for precharging the columns 

25 to about 1.0 volts before sensing begins. A plurality C>f p-type load 
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.transistors 164 are coupled to the cascode transistors 160 to provide a 
·, 

load transistor for each memory cell selected for sensing. The_ gates of 

load transistors 164 are coupled to a reference current generator 170. 

Reference current generator 170 generates a fixed reference curr~t, 

s IREF, that determines the cell current at which sensing will occur. The 

drain of each load transistor 164 is coupled to _an inverter 166. The 

outputs of inverters 166 are coupled to the enable inputs of a plurality 

of latches 168. The data inputs of latches 168 are coupled to received 

the digital counter value generated by row voltage counter 150. 

10 FIG. 7 A is a block diagram of a sensing circuit 180 that utilizes a 

ramp voltage generator 202 and an analog-to-digital (A/D) converter 

198. Ramp voltage generator 202 generates a ramp voltage that is the 

variable gate voltage. A ramp voltage is either a linearly increasing or 

decreasing voltage. One example of a variable gate ramp voltage 204 is 

15 shown in FIG. 78. Referring again to FIG. 7 A, the variable gate voltage 

is input to an A/D converter 198 that generates a digital value of the 

variable gate voltage. 

The variable gate voltage is also input to a wordline driver 200 

that applies the variable gate voltage to the gates of memory cells in 

20 array 190 that have been selected for sensing. Each memory cell 

. selected for sensing is coupled to a sense amplifier 192 that detects 

when a cell current substantially equal to a fixed reference current is 

generated in that memory cell. A reference current generator 194 

provides the fixed reference current to the sense amplifiers 192. 
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Sense amplifiers 192 are correspondingly coupled to enable 

inputs of a plurality of latches 196 that latch the digital counter value 

when the corresponding· sense amplifier 192 detects a cell current 

substantially equal to the fixed reference current. The latched digital 

5 counter value indicates the state of the corresponding sensed memory 

cell. The output of latches 196 are read to provide the digital data 

stored in the sensed memory cells of array 190. 

FIG. 8 is a circuit schematic of a flash-based analog-to-digital 

converter 210 that may be advantageously used as the AID converter 

10 198 for the embodiment of FIG. 7 A. A ramp voltage generator 224 

generates a ramp voltage as the variable gate voltage. The variable 

gate voltage is applied to the gates of flash reference cells 226, 228, and 

230. Flash reference cells 226, 228, and 230 are programmed (or 

charged) to have threshold voltages Vtl, Vt2, and Vt3, respectively, 

15 where Vtl < Vt2 < Vt3. 

One of a plurality of cascode transistors 216 is serially coupled to 

each of flash reference cells 214 to provide a voltage of about 1.0 volts 

. on the drains of flash reference cells 214. One of a plurality of p-type 

load transistors 218 is serially coupled to each of cascode transistors 

20 216. A reference current generator 212 generates a fixed reference 

current, IREP. Reference current generator 212 is coupled to the gates of 

load transistors 218. The drain of each of load transistors 218 is 

coupled to an input of one of a plurality of inverters 220. 

The inverters coupled to flash reference cells '226, 228, and 230 

25 generate signals SO, 51, and 52, respectively. A decode logic 222 

{ 
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receives the SO, Sl, and S2 signals and decodes them to generate Bitl 

and. BitO signals. Decode logic 222 comprises combinational logic. Bitl 

and BitO provide a two bit digital conversion value of the input 

variable gate voltage. The operation of AID converter 210 is further 

5 detailed in Table 1 below. 

10 

Table 1 

Cell Gate Voltage so Sl 52 Bitl 

Vg < Vtl 0 0 0 0 

Vtl < Vg < Vt2 1 0 0 0 

Vt2 < Vg < Vt3 1 1 0 .1 

Vg > Vt3 1 1 1 1 

AID converter 210 may be modified to convert the variable 

input voltage to other numbers of binary bits. For an n-bit 

conversion, c2n-1) reference cells are required to distinguish 2n analog 

levels. One sense amplifier is required for each reference cell. The 

decode logic 222 mustbe modified to decode (2n-1) signals. Of course, 

15 the reference current· generator is used. 

FIG. 9 is .a flowchart of a method 250 for sensing the state of a 

floating gate memory cell. During the operation of a memory device, 

sensing of memory·cells to determine·their·state occurs in response to 

· a request for data stored in the memory cells {i.e. a read operation) or 

20 during a verify operation during programming. Sensing method 250 

BitO 

0 

1 

0 

1 
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begins in step 252 when memory cells are sel~ted for sensirtg. The 

selection of particular memory cells for sensing is performed by the 

row and column select circuitry of the ·memory device. 

After selection, at step 254 a variable gate voltage is applied to 

s the gates of the selected memory cells. The variable gate voltage may 

be a step voltage, a ramp voltage, or other suitable type of variable 

voltage. 

With the variable gate voltage applied, at step 256 a 

· 10 determination is made wh~er the resulting cell current 10 for any of 

the sensed cells is equal to a reference current.IREP. Hnot, method 250 

proceeds to step 258. If so, method 250 proceeds to step 260. 

For one embodiment, step 258 increases the variable gate 

voltage. For another embodiment, the variable gate voltage is 

15 decreased. For yet another. embodiment, the variable gate voltage is 

changed in a predetermined manner. After changing the variable gate 

voltage, .method 250 proceeds to step 256 to again compare the cell 

currents. to the reference current. 

If any of the cell ~ts was equal to the reference current, at 

20 step 260 the variable gate voltage is converted to a digital value. For 

one embodiment, the digital conversion is performed by an A/D 

converter. For another embodiment, the input to a DI.I\ co~verter 

provides the converted digital value. The digital value of the variable 

gate voltage represents the state of the ·cells whose cell currents 

25 matched the reference current. 

( 
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For each of the cells whose cell current matched the reference 
·: 

current, at step 262 the converted digital value of the variable gate 

voltage is latched in latches corresponding to those cells. 

At step 264 a determination is made whether sensing has been 

5 completed for all of the cells that were selected for sensing. Since 

different cells may store different states, state sensing for individual 

cells may occur at different times. If sensing is not complete, method 

250 jumps back to step 258 to change the variable gate voltage and 

continue sensing of the remaining selected cells. If all selected cells 

10 have been sensed, method 250 proceeds to step 266 to provide the 

latched digital values as the data stored in the selected memory cells. 

In the foregoing specification, the invention has been described 

with reference to specific exemplary embodiments thereof. It will, 
. 

15 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. 
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CLAIMS I 11111111111111111111111111111 
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What is claimed is:· 

1. An apparatus for determining a state bf a memory cell 

that is programmed to one of a plurality of states, the apparatus 

comprising: 

a voltage circUit for applying a variable volt~ge to the memory { 

cell, wherein the memory cell generates a cell current that is 

proportional to the variable voltage; 

a reference current circuit, coupled to the memory cell, for 

providing a fixed reference current; 

a current comparing circuit, coupled to the memory cell, for 

detecting when the cell current is substantially equal to the fixed 

reference current; and 

a state sensing circuit, coupled to the memory cell,· for sensing 

the state of the memory cell according to the variable voltage when 

the cell current is substantially equal to the fixed reference current. 

2. The apparatus of Claim 1 further comprising: 

a converting circuit, coupled to the memory cell, for converting 

the variable voltage to a digital value, wherein the digital value 

represents the state· of the memory cell when the cell current is 

substantially equal to the fixed reference current. 

3. The apparatus of Claim 2 further comprising: 



-·--··-------------------··----·· 
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a latch, responsive to the current comparing circuit, for latching 

the digital value, wherein the latched digital value represents the state 

of the memory cell. 

4. The apparatus of Claim 1 further comprising: 

a digital-to-analog converter, coupled to the m~mory cell, for 

generating the variable voltage; and 

a counter, coupled to the digital-to-analog converter, for 

providing one of a plurality of digital values to the digital-to-analog 

converter, wherein the digital-to-analog converter generates the 

variable voltage in response to the provided digital value. 

5. The apparatus of Claim 4 further comprising a latch, 

responsive to the current comparing circuit, for latching the digital 

value provided to the digital-to-analog converter when the cell 

current is substantially equal to the fixed reference current, wherein 

the latched digital value represents the state of the memory cell. 

6. The apparatus of Claim 5 wherein the counter provides 

sequential digital values such that the variable voltage is a stepped 

voltage. 

7. The apparatus of Claim 1 further comprising an analog-

to-digital converter, coupled to receive the variable voltage, for 

converting the variable voltage to a digital value. 
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8. The apparatus of Claim 7 further compriSing a latch 

circuit, responsive to the current comparing circuit, for latching the 

digital value when the cell current is substantially equal to the fixed 

reference current, wherein the latched digital value represents the 

state of the memory cell. 

9. The apparatus of Claim 8 wherein the' analog-to-digital 

converter comprises a plurality of programmable reference cells, the 

variable voltage being applied to ~ programmable reference cells. 

10. The apparatus of Claim 9 wherein the variable voltage is 

a ramp voltage. 

11. The apparatus of Oaim 1 wherein the variable voltage is 

applied to a floating gate of the memory cell and the state of the 

memory cell corresponds to an ainount of electrical charge on the 

floating gate. 

12. The apparatus of Oaim 11 wherein the fixed reference 

current is chosen such that the cell current is substantially 

independent of temperature when the state sensing of the memory 

cell occurs, wherein the state sensing is substantially independent of 

temperature. 

" 
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13. The apparatus of Claim 12 wherein the fixed reference 

current is between about 10-20 µA. 

14. The apparatus of Claim 12 wherein the fixed reference 

current is chosen such that variation in transconductance of the 

memory cells is also minimized. 

15. The apparatus of Claim 11 wherein the state of the 

memory cell is sensed at substantially the same cell current and 

effective gate voltage independent of the state of the memory cell. 

16. An apparatus comprising: 

a memory cell having a floating gate, wherein the memory cell 

is programmed to one of a plurality of states corresponding to an 

amount of charge stored on the floating gate, the memory cell having 

a top gate, a source, and a drain; 

a bias circuit, coupled to the memory cell, for establishing a 

fixed voltage across the sou~e and drain of the memory cell; 

a variable voltage circuit, coupled to the memory cell, for 

. applying a variable voltage to the top gate of the memory cell, wherein 

the memory cell generates a cell current proportional to the variable 

voltage; 

a reference current circuit, coupled to the memory cell, for 

providing a substantially constant r~ference current; 



W096/10256 P<:'I'/US95/12082 

1111111111~11 lllll Hll 111111 
* C 'L M S * 

-30-

a sensing circuit, coupled to the refel'ellce current circuit and the 

memory cell, for indicating when the cell current is substantially equal 

to the reference current; 

a first circuit, coupled to the variable voltage circuit, for 

generating a digital value corresponding to a value of the variable 

voltage; and 

a latch, coupled to the first circuit and responsive to the sensing f' 
circuit, for latching, the digital value when the cell current is 

substantially equal to the reference current, wherem the latched digital 

value represents the state of the memory cell. 

17. The apparatus of Claim 16 wherein the variable voltage 

circuit is a digital-to-analog converter and the first circuit is a counter. 

18. The apparatus of Claim 16 wherein the variable voltage 

is a ramp voltage and the first circuit is an analog-to~igital converter. 

19. The apparatus of Claim' 16 wherein the reference current 

is chosen such that the cell current is substantially independent of 

temperature when the cell current is substantially equal to the fixed 

current. 

20. The apparatUs of Claim 19 wherein the reference current 

is between about i0-20 µA. 
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21. The appara~ of Claim 20 wherein the reference current 

is chosen such that variation in transconductance of the memory cells 

is also minimized. 

22. The apparatus of Claim 16 wherein the latch latches the 

digital value representing the state of the memory cell state at 

substantially the same cell current and effective gate voltage 

·independent of the state of the memory cell. 

23. An apparatus for determining a state of a memory cell 

that is programmed to one of a plurality of states, the apparatus 

comprising: 

means for applying a variable voltage to the memory cell, 

wherein the memory cell generates a cell current that is proportional 

to the variable voltage; 

means, coupled to the memory cell, for providing a fixed 

reference current; 

means, coupled to the memory cell, for detecting when the cell 

current is substantially equal to the fixed reference current; and 

means, coupled to the memory cell, for determining the state of 

the memory cell according to a value of the variable gate voltage 

when the cell current is substantially equal to the fixed reference 

current. 

24. The apparatus of Claim 23 further comprising: 
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means, coupled to the memory cell, fQr converting the variable 

gate voltage to a digital value, wherein the digital· value represents the 

state of the memory cell when the cell current is substantially equal to 

the fixed reference current. 

25. The apparatus of Claim 24 further comprising: 

means, responsive to the equal current detecting means, for 

latching the digital value when the cell current is substantially equal 

to the fixed reference current. 

26. A method for sensing a state of a memory cell that is 

programmed to one of a plurality of states, the method comprising the 

steps of: 

applying a variable voltage to the memory cell, wherein the 

memory cell generates a cell current that is proportional to the 

variable voltage; 

providing a fixed reference current; 

detecting when the cell current is substantially equal to the fixed 

reference current; and 

determining the state of the memory cell according to a value of 

the variable gate voltage when the cell current is substantially equal to 

the fixed reference current. 

27. The method of Claim 26 further comprising the step of 
. . 

converting the variable gate voltage to a digital value, wherein the 
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digital value represents the state of the memory cell when the cell 

current is substantially equal to the fixed reference current. 

28. The apparatus of Claim 27 further comprising the step of 

l~tching the digital value when the cell current is substantially equal 

to the fixed reference current, wherein the latched digital value 

represents the state of the memory cell. 

29. A method for sensing the state of a memory cell, the 

method comprising the steps of: 

selecting a memory cell to be sensed; 

applying a variable gate voltage to the selected memory cell, 

wherein the memory cell generates a cell current proportional to the 

variable gate voltage; 

providing a fixed reference current; 

determining whether the cell current is substantially equal to 

the fixed reference current; 

providing a digital value corresponding to the value of the 

variable gate voltage when the cell_ current is substantially equal to the 

fixed reference current; and 

latching the digital value when the cell current is substantially · 

equal to the fixed reference current, wherein the latched digital value 

represents the state of the memory cell. 


