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Sensing state of a memory by variable gate voltage.

EIELD OF THE INVENTION
The .present invention relates generally to sensing the sfate 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
the cells and detecting the gate voltage that generates a cell current
equal to é fixed reference current. |
BACKGROUND OF.THE INVENTION

~ Various types of prior floating gate rﬁemories are known, such
as erasable programmable read-only memory ("EPROM"), electrically-
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
fechhology of Intel Corporation of Santa Clara, California. FIG. 1A

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

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. 1B shows a symbolic representation of flash
- memory cell 10 that is used to represent flash memory cell 10 in circuit

schematics.
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'Referring again to FIG. 1A, floating gate 14 is used for charge O
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
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. ' _
FIG. 1C illustrates certain current and voltage characteristics of
flash memory cell 10. Curve 32 is an I-V characteristic of flash
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 I-V characteristic of flash memory cell 10
when 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 I-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.
The logic state of a meﬁow cell is sensed (or detected) during
either a read or verify opéfation. A read oper;aﬁon 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 éroper state. Sensing is the process

of determining the logic state of, or data stored in, a memory cell.
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Reference curve 36 is a I-V characteristic of a flash reference cell that
may be used for sensing the state of flash merﬁory 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 I-V
charactéristic 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 I-V _characteristié of flash _mémo_ry cell 10 being to the right of
reference curve 36). Typical prior commercial flash memory devices
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. 1A shows one pri‘of configuration for sensing the logic
sfate of flash memory cell 10. For sensing, the drain voltage, Vp, is set
to about 1.0 volts, the soufce 16 is grounded, and the top gate voltage,
Vic issettoa .fixed,voltage_on the order of 5.0 volts. (Typically the
supply vblt,age, Ve, is used as the fixed voltage.) The drain current is
sensed to determine whether flash memory cell 10 stores a logic 0 or a
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 charge on floating gate 14) indicates a logic 0. |

- FIG. 2A shows a prior sensing circuit 40 for sensing the logic
state of a flash memory cell 48. Flash memory cell 48 is one cell of an
array of flash memory cells. Sensing circuit 40 includes a first chain of
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serially-connected n-type transistors comprising: 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 appropriate column and row select lines of

 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 abou:tﬁ 1.0 volts at the .drai.n of flash memory cell 48. A fixed
voltage V. of about 5.0 volts is applied to the top gate of flash
memory cell 48 causing a cutrent I1 to ﬂow in 'ﬂa'shémemory cell 48
and through the first transistor chain. The magnitude of current I1 is
é function of the logic staté_ of flash memory cell 48, (i.e., a function of
the amounf of charge stored on the floating gate of flash memory cell
48). The current I1 establishes a voltage at node SEN1 50 according to
the IV characteristic of load transistor 42 shown in FIG. 2B.

Referring again to FIG. 2A, voltage Vg, at node SEN1 50 is
compared to a réferencé voltage Vg 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
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. 1C. A drain bias circuit 57, including cascode transistor 54 and a

feedback inverl{er 55, isolates load transistor 52 from flash reference
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~ cell 58 and establishes a constant drain bias volfage of about 1.0 volts at

the drain of flash reference cell 58. The curreﬁt in flash reference cell
58 is converted to the reference voltage Vg, at node REF 60.
Differential amplifier 62 compares Vg, t0 Vgg; to determine the state
of flash memory cell 48. Detecting Vg, greater than Vi, indicates
logic state 0. Detecting Vgp, less than Vg, 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 Vg, is typically
designed to be between about 1.5 and 3.0 volts. The low end voltage
on node SEN1 50 is limité_d'by the practical concerns of keeping
differential amplifier 62 in_its. 'bperaﬁonal range and maintaining a
constant drain bias voltage on flash memory cell 48. The high end
voltage on node SEN1 50 1s lmuted by V., the V, drop of load
transistor 42, and t_he commori mode rejection 'of the differential
amplifier. FIG. 2B illustrates the vdltage Vs,;N, at node SEN1 50 as a
function of current I1. A typical two state (i.e., one bit) memory cell
defines logic states to cofrespond to the I1 and Vg, corresponding to
nﬁmbers 1 and 4 of the graph. For two. states, the diffé_rence between
the Ve voltagés correspdndin_g to numbers 1 and 4 is relatively large.
A four state (i.e., two bit) memory cell could define fou_r logic states |
(such as 11, 10, 01, anleO) to correspond to numbers 1-4. With four

states, the voltage differences between adjacent Vg, voltages is much

- smaller, making logic state sensing more difficult.
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In an array of memory cellis,f other problems i.ncre.ase the
difﬁeulty of sensing states with prior sensing circuit 40 when multiple
bits are stored in the memory cells. 'Typical commércial flash memory
devices compnse rmlhons of flash memory cells in a memory array.
Due to non-ideal processmg condrtlons during manufacturmg,
md1v1dua1 memory cells across the array have dlfferent characteristics.
Varymg cell charactenstrcs, ﬂuctuatrons in power supply voltages,
variations in array sensrt1v1ty to temperature, and vanatrons in array

transconductance, can each cause the Vg, voltage to vary from ideal.

To allow for such variations, a range of values is assrgned to each

state. In oth'er words, each state has a state width to account for
variations that affect sensmg The state width, in part determines
how many states a memory cell can store

~ One factor contributing to the state width is fluctuation in

| power supply voltages Power supply voltages vary within a specified

tolerance over time. For example, a5.0+5% supply voltage may

.ﬂu_ctuate between 4.75 and 5.25 volts over time. If the supply voltage

dunng programmmg is different than during sensing of a memory
cell, the sensed state will be offset from its ideal value.

Another factor contnbutrng to the state width is cell to cell
variations in temperature sensitivity in a memory array. As

temperature increases electron mobility, ., decreases and threshold

"voltage, Vz, decreases. The impact of temperature changes on

individual flash r_rlemory cells can be understood by examining

Equation 1.
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For a state very close to the power supply voltage (i.e., the floating gate
is charged to approximately the power supply voltage), (Vi - Vi) is
very small causing changes in Vi to dominate the temperature effect.
Therefore, in this case rising temperature causes Vg to decrease and I,
to increase. For a state far away from the power supply voltage,
temperature effects are dominated by p, since (Vi - Vi) is large.
Therefore, in this case rising temperature causes I, 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
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
cell transconductance across a memory arréy. Transconductance of a

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

-, |
gm=qu=f’f- (EQ.2)
eff
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Due to non-ideal processing 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 cause individual cells in the array to have different I-V
characteristics.

In summary, power supply variations, temperature effects,
temperature effect variations, and transconductancé variations each
contribute to the state width.  Because these factors i'equire a relatively
large state width and the prior sensing circuit 40 has a relatively
narrow sensing range of 1.5 to 3.0 volts on the sensing node SEN1 50,
it is difficult to use prior circuit 40 for sensing of multi-bit memory

cells.
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One of the objects of the present inveﬁﬁon is to provide al
method and apparatus for sensing the state of a floating gate memory
cell by applying a variable gate voltage to the memory cell and sensmg
the state of the memory cell when th_é 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
cells at substantially the same cell current and effective gate voltage
(effective Vg-V)). |

Another of the objects of the present invention is to reduce the
sensitivity of memory cell state sensing to temperature, power supply,
and trahsconductance variations. |

Another of the objects of the present invention is to sense the
states of multi-bit memory cells.

An apparatus for determining 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.
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 currént 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 subs'tahtiall’y equal to the fixed reference current.

Other objects, features, and advantages of the present invention
will be apparent from the accompanying drawings and from the

5 detailed description that follows below.
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The present invention is illustrated by ;vay of example and not
limitation in the figures of the accompaﬁying drawings in which like
references indicate similar elements. |

FIG. 1A is a cross-sectional illustration of a prior art flash
memory cell being sensed. |

FIG. 1B is a circuit symbol for floating gate memory cells, such
as the flash memory cell of FIG. 1A.

FIG. 1C illustrates certain current and voltage characteristics of
the flash memory cell of FIG. 1A. '

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

FIG.2Bis a graph of the voltage at node SEN1 50 as a function
of the current I1 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 I-V characteristics
of a floating gate memory cell into four étates: state0, statel, state2, and
state3.

FIG. 4A is an electrical circuit schematic of a circuit for sensing |
the 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. 5A is a block diagram of a sensing circuit that utilizes a
d1g1tal-to-analog (D/A) converter to generate a vanable gate voltage

“(VGV).

FIG. 5B is a plot ﬂlustratxng a stepped voltage produced by a
D/A converter.

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

sensing the state of memory cells by applying a variaéble gate voltage.

FIG. 7A is a block diagram of a sensing circuit that utilizes a
ramp voltage and an analog-to-digital (A/D) converter.

FIG. 7B is a plot 1llustratmg 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. 7A. '

FIG. 9 is a flowchart of a method for sensing the state of a
floating gate memory cell by applying a variable g'ate: voltage.

PCT/US95/12082



WO 96/10256 PCT/US95/12082

10

15

-13-

~ DETAILED DESCRIPTION

One way to increase the stdrage density of floating gate non-
volatile memory devices (such as flash memofy devices) is by storing
multiple bits in a single memory cell. Because the floating gate can

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 uhique charge values on the floating gate) could

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

four bit memory cell.

Practical considerations hnut 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
non-idéal factors. FIG. 3A illustrates some factors that can contribute
to the state wxdth of a sensing scheme The state width of FIG. 3A
mcludes factors of state placement width, disturb mechanisms, power
supply and g, variations, temperature effects, reference trim errors,
and sensing errors. | State plécgment width refers to errors that occur
in programming a staté due to noise, supply voltage variation, etc.
Disturb mechanisms refer to errors due to leakage of electrons to or
from the ﬂoatmg gates of either array cells or reference cells. Power
supply and g, variations refer to supply voltage and cell-to-cell
transconductance variations that cause sensing errors. Temperature

effects refer to errors due to the temperature dependence of cell drain
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current. Reference trim errors refers to errors in t1'1mm1ng (or setting)

 the values of the reference cells. Fmally, sensmg eifrnrs refer to errors

due to offsets and inaccuracies of the sensmg c1rcu1tr

For sensing, multiple states must be allocated to ~“ned
regions. Window budgét is the'alloeation of the state wi.  w, the
difference between an erased state (no charge on the float ; gate) and
the highest programmmg state, to the mtervemng states The state
w1dth required for accurate and reliable sensing and the width of the

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

‘window budget Therefore, the state width and state window

determine in part how many bits can be reliably programmed and
sensed per memory cell.

FIG. 3B illustrates the allocation of the I-V characteristics of a
flash memory cell to four states (states 0-3) to 'pro\}id'e two bits of

‘'storage per cell. Recall that the effect of storing electrons on the

floating gate of a flash memory cell is to shift the céll’s v

characteristic curve to a lower current (to the ﬁght) for a given gate

voltage. I-V characteristics 64, 66, and 68 are reference curves that are
representative of the characteristics of three flash réference cells used
in sensing. Gray-shaded areas 69 define the state placement width for
each state. A gap 65 defines the minimum sep'aration between a
reference characteristic and the edjacent state plac_erfient width. Gap 65

corresponds to the above-discussed state width factors except state

* placement.
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During sensing, the characteristics of a flash memory cell being
sensed are compared to reference.characteristi'cs 64, 66, and 68 to
determine the state of the cell. One prior sensing scheme applies a
fixed gate voltage to the cell and senses the drain current to determine
the state of the flash memory cell. In contrast to this prior scheme, the
present sensing scheme applies a variable gate i'oltage (VGV) to the

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

reference current, Igs,. The detected gate voltage indicates the state of
the sensed flash memory cell. The reference current at which sensing
occurs and the state significance of the detected gaté voltage are
illustrated in FIG. 3B by the horizontal Iz, 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 -
-ie., at the same drain current and effective gate voltage (effective V-
\AR | . |

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 transistor 70, a drain bias circuit 71, and a

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

- voltage V. 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, Vg, and its source is

coupled to ground. Coupled in this manner, the reference current
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* generator genérates a fixed reference current, Lzr- The charge stored

on the floating gate of flash cell 72 may be adjusted in order to trim the
Iges current to a partlcular value. '

Sensing circuit 88 also includes four serially-connected
wansistors: p-type load transistor 74, an n-type cascode transistor 76,
an n-type column select transistor 78, and a flash mémbry cell 80 that
has been selected for sensing. The source of load transistor 74 is
coupled to supply voltage V. and the source of flash memory cell 80
is grounded. The 'g'até of load transistor 74 is couplea to reference
current generator circuit 87 at the drain of transistor 70. The drain of
load transistor 74 is coupled to a node SEN2 82. For one embodiment,
transistors 70 and 74 and flash cells 72 and 80 are respectlvely designed
to have matching characteristics.

A drain bias circuit 77, mduding cascode transistor 76 and a
feedback inverter 75, isolates load tr_ansistdr 74 from selected flash
memory cell 80 and establishes a constant drain bias voltage of about

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

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

the flash memory array for sensing. A row select device (not shown)
selects a particular flash memory cell on the selected column.

A variable gate voltage (VGV) is applied to the gate of flash
memory cell 80 generating a current I2 in flash memory cell 80. For
one embodiment, a variable gate voltége'_mCreasing from zero volts is
used. For other etﬁbodiﬁienté,’otl‘ter types of variable gate voltages are

used. The currént I2 also flows through load transistor 74 which
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generates a voltage Vgg, 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 Ipge, a sharp voltage transition occurs at node SEN2 82.

Referring again to FIG. 4A, node SEN2 82 is coupled to the
input of an inverter 84 whose output is coupled to the enable inpﬁt 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
SEN2 82 that occurs when the cell current 12 is substantially the same
as the reference current Igge. The latéhed digital value represents the
sensed state of memory cell 80. _

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

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

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

cell 80. Current I2 flows through load transistor 74 which establishes a .
voltage at node SEN2 82 according to the characteristics of FIG. 4B.
When the cell current 12 is substantiallj equal to the current Ig,, a
very steep voltage transition from about V¢ (typically 5.0 volts) to
about 0.0 volts occurs at node SEN2 82. The voltage transition causes
latch 86 to latch the digital Vjcilue of the variable gate voltage. The
digital VGV value stored in latch 86 represents the st_afe of flash
memory cell 80. ' _

One advantage is that sensing circuit 88 helps to improve the

accuracy of state sensing. The steep voltage transition that occurs
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when the reference current is detected providgs accurate sensing of |
cells at the same condition. 'Ihe accurate sensi'ng'pf'ovided by the
sensing circuit 88 allows a smaller state width.

~ Another advantage of sensing circuit 88 is that the reference
current g, (at which state sensing occurs) can be chiosen to be

relatively indé‘p'endent of temperature thereby providing sensing that

is substantially temperature independent. As explained in the (

background on field-effect devices (such as flash memory cells), at low
drain currents rising temperature causes drain current to increase, but
at high drain currents rising temperature causes drain current to
decrease. Atan intémmdiaté drain current, the opf)osing temperature
effects cancel each other making the memory cell cﬂa:actgristics
substantially independent of temperature. For one embodiment, the

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

- occurs when the cell drain currents are substantially independent of

| temperature. For one embodiment, a reference current Iggr of about

10-20 pA has been found to provide sensing that is substantially
independent of temperature. Temperature iridepeﬂde_nt' sgnéing |
allows the state width to bé reduced since temperature effects are
minimized. j

~ Another édvantage of sensing circuit 88 lS that it helps tol
minimize the sensitivity to ﬂﬁctuafions in power supply voltages.
The transconductance g,, of load transistor 74 is relatively small,
meaning that power supply VOlfage variations are magnified by a

lower transconductance g,. In addition, the reference current, at
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which sensing occurs, can be chosen to minimize the effects of
transconductance variation. Thus, transcond{uctance considerations
are reduced, allowing the state width to be reduced.

The advantages of improved sensing accuracy, temperature
independent sensing, and minimized transconductance effects
provided by sensing circuit 88 each help to reduce the required state
width. Therefore, sensing circuit 88 he‘ips to provide room for more |
states in the state window thereby allowing more bits to be stored in
each memory cell. ' _ .

FIG. 5A 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.
D/A converter 110 generates a variable gate voltage in response to the
digital counter value. For one embodiment, the digital counter value

is sequentially incremented such that a stepped variable gate voltage

(as shown in FIG. 5B) is generated. For other embodiments, counter

108 generates predetermined digital values to produce predetermined
variable gate voltages. _ _ |
Referring again to FIG. 5A, 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

that detects when a cell current equal to a fixed reference current is
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generated in that memory cell. A reference current generator 104
provides the fixed reference current to the sense amplifiers 102.

Sense amplifiers 102 are correspondingly coupled to enable

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

counter value when a correSpondihg sense amph.ﬁer 102 detects the

- fixed reference current. The latched digital :counteri"\.ralue indicates the

state of the corresponding sénsed memory cell. The output of latches
106 are read to provide the digital data stored in the sensed memory
cells of array 100. -

" 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 (D/A) converter 152 generates a variable
gate voltage 153 in response to the digital counter value. A row

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 meniory 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
particular columns of array 156 for sensing.

A plurality qf 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

~ toabout 1.0 volt:s"before sensing begins. A plurality of p-type load
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transistors 164 are coupled to the cascode trans1stors 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 -; fixed reference eurrent,
L that determines tlle cell current at which sensing will occur. The
drain of each load transistor 164 is coupled to an inverter 166. The
outputs of invetters 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.

FIG. 7A 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
shown in FIG. 7B. Referring again to FIG. 7A; the variable gate voltege
is input to an A/ D converter 198 that generates a digital value of the
variable gate voltage.

The variable gate. voltage is also mput toa wordlme driver 200
that applies the variable gate voltage to the gates of memory cells in
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
generatecl in that memory cell. A reference current generator 194

provides the fixed reference current to the sense arrlplifiers 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
counter value indicates the state of the conesponding sensed memory
cell. The output of latches 196 are read to prov1de the dlgltal 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 A/D converter
198 for the embodiment of FIG. 7A. A ramp voltage generator 224
generates a ramp voltage as the variable gate voltag‘é. The variable

gate voltage is appliéd to the gétes of flash reference cells 226, 228, and

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

charged) to have threshold voltages Vitl, Vt2, and Vi3, respectively,
where Vil < Vi2 < Vi3.

One of a plurality of cascode transistors 216 is senally coupled to
each of flash reference cells 214 to prov1de 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
216. A reference current generator 212 generates a fixed reference
éurrent, Igee- 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
génerate signals SO, S1, and S2, respectively. A decode logic 222
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~ receives the S0, 51, and 52 signals and decodes them to generate Bitl
and Bit0 signals. Decode logic 222 comprises :combinati_onal logic. Bitl
and Bit0 provide a two bit digital conversion value of the input
‘variable gate voltage. The operation of A/D convérter 210 is further
5 detailed in Table 1 below. .

Table 1
Cell Gate Volgge S0 S1 S2 Bitl Bit0
Vg < Vil 0 0 0 0 0
Vil < Vg < Vi2 1 0 0 0 1
Vt2 < Vg < Vi3 1 1 0 1 0
L veg>vis 1 1 1 1 1
10 A/D converter 210 may be modified to convert the variable

input voltage to other numbers of binary bits. For an n-bit -
conversion, (2°-1) reference cells are required to dlstmgulsh 2" analog
levels. One sense amphﬁer is required for each reference cell. The
decode logic 222 must be modified to decode (2°-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 detérmille'theii"state occurs in responée 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
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bégins in step 252 when memory cells are éelegted for sensing. The
selection of particular memory cells for sensing is pérforrmd by the
row and column select circuitry of the'membry device.

After selection, at step 254 a variable gate voltage is applied to
the gates of the selected memory cells. The variable gate voltage may
be a step voltage, a rémp voltage, or other suitable type of variable

voltage.

With the variable ga_te_' voltage applied, at step 256 a
determination is made whether the resﬁiting cell current I, for any of
the sensed cells is equal to a reference current Iyg,. If not, 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 enibodiment, the.variable gate voltége is
decreased. For yet another embodiment, th_e variable gate voltage is
changed in a predetermined manner. After changing the variable gate

voltage, method 250 proceeds to step 256 to again compaire the cell

. currents to the reference current.

If any of the cell currents was equal to the reference current, at
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 embodim.ent, the input to a D/A converter
provideé the converted digital value. The digital value of the variable
gate voltage represents the state of the cells whose cell currents

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 valt;e of the variable gate
voltage is latched in latches corresponding to those cells.

At step 264 a determination is made whether sensing has been
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
have been sensed, methbd 250 proceeds to step .266 to provide the
latched digital values as the data stored in the selected memory cells.

In the foregoing spec.i_f_ication,.the inventioﬁ has been described
with reference to specific exemplary embodiments thereof. It will,
however, be ev1dent that various modifications and éhanges may be
made theretb without departing from the broader spirit and scope of
the invention as set fo_fth in the appended claims. The specification
and drawings are, accordingly, to be régarded in an illustrative rather

than a restrictive sense.
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What is claimed is:

1. An apparatus for determining a state of a memory cell
that is programmed to one of a plurality of states, the apparatus
comprising: | -

a voltage circuit for applying a variable voltage to the memory
cell, wherein the memory cell generates a cell current that is
proportibnal to the variable voltage; |

a reference current circuit, coupled to the mémory cell, for
providing a fixed reference current; o

a current comparing circuit, coupled to the memory cell, for
detecting when the cell current is subst:antially' 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 variéble 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:

This Sheet Has Been Reilaced
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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 digitél—to-analog converter, coupled to the memory cell, for
generating the variable voltage; and
~ a counter, coupled to the digital-to—a_nalog 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.

This Sheet Has Been Reﬂlaced
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8.  The apparatus of Claim 7 further combri'sihg 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 prdgram'mable’ reference cells, the

variable vbltage being appliéd to the programmable reference cells.

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

a ramp voltage.

11.  The apparatus of Claim 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 amount of electrical charge on the

floating gate.

12.  The apparatus of Claim 11 wherein the fixed reference
current is chosen such that the cell current is substantially
independent of tempe:atui‘e when the state sensing of the memory
cell oécurs, wherein the state sensing 1s substantially independent of

temperature.

This Sheet Has Been Reﬂlaced
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13.  The apparatus of Claim 12 wherein the fixed reference
current is between about 10-20 pA. |

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 in_dependént 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 source and drain of the memory cell;
a ﬁariab_lé voltage circuit, _cbﬁpled to the memory cell, for
. applying a variable voltage to the top gate of the memory cell, wherein
the memory cell genérates‘ a cell current proportional to the variable
voltage;
a reference current circuit, coupled to the memory cell, for

providing a substantially constant reference current;
"/‘/_/

i
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a sensing circuit, coupled to the ref_érence 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
circuit, for latching-the digital value when the cell current is
substantially equal to the reference current, wherein the latched dlg1tal

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-digital converter.

19. The apparatus of Claim 16 wherein the reference current
is chosen such that the cell current is substantlally 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 10-20 pA.

—_—_—
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21.  The apparatus 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-é variable voltage to thé me_fnory cell,
wherein the memory cell generates a cell current that.'is proportidnal
to the variable voltage; '

means, coupled to the memory cell, for providing a fixed
reference current; |

means, coupled to the memory cell, for detectxng when the cell
current is substantxally equal to the fixed reference current; and

means, coupled to the memory cell, for determnung the state of
the memory cell accordmg to a value of the variable gate voltage
when the cell current is substantially equal to the fixed reference

current.

24. The appératus of Claim 23 further comprising:

is Sheet Has Been Reﬁlaced '
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‘means, cbtiple‘d to the memdry eeﬂ,' fqr converting the variable
gate voltage to a di'gitai 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 coinprising’:
means,:res'ponsive 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 vanable 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 sﬁbstaﬁtially equal to

the fixed reference current.

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

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

heet Has Bean Reﬁaced
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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
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.

29. A method for sehsing 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 éurrent;
defermining whether the ceil 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.
[ —
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