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(57) ABSTRACT 

Floating gate memories such as EEPROM and ?ash 
EEPROM have the memory state of a memory cell thereof 
determined by sensing the conduction current of the cell. 
Inherent noise ?uctuations in the conduction current during 
sensing are canceled out by averaging the sensing over a 
predetermined period of time. In one embodiment, as an 
integral part of the averaging process, the averaged conduc 
tion current is obtained directly as a digital memory state. 
Accuracy in sensing is therefore greatly improved by avoid 
ing sensing noise With the current and avoiding having to 
resolve its memory state in the analog domain by compari 
son With another noisy reference current. In another embodi 
ment, conventional sensing techniques are improved When 
sensing is made by comparison With a reference current by 
means of a symmetric, switched or non-switched capacitor 
differential ampli?er. The improved sensing accuracy alloWs 
higher resolution of conduction states, thereby allowing a 
cell to store substantially more than one bit of information. 
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NON-VOLATILE MEMORY WITH IMPROVED 
SENSING AND METHOD THEREFOR 

FIELD OF THE INVENTION 

[0001] This invention relates generally to ?oating gate 
semiconductor memories such as electrically erasable pro 
grammable read-only memories (EEPROM) and ?ash 
EEPROM, and speci?cally to circuits and techniques for 
reading or sensing their memory states. 

BACKGROUND OF THE INVENTION 

[0002] EEPROM and electrically programmable read 
only memory (EPROM) are typically used in digital circuits 
for non-volatile storage of data or program. They can be 
erased and have neW data Written or “programmed” into 
their memory cells. 

[0003] An EPROM utiliZes a ?oating (unconnected) con 
ductive gate, in a ?eld effect transistor structure, positioned 
over but insulated from a channel region in a semiconductor 
substrate, betWeen source and drain regions. A control gate 
is then provided over the ?oating gate, but also insulated 
therefrom. The threshold voltage characteristic of the tran 
sistor is controlled by the amount of charge that is retained 
on the ?oating gate. That is, the minimum amount of voltage 
(threshold) that must be applied to the control gate before the 
transistor is turned “on” to permit conduction betWeen its 
source and drain regions is controlled by the level of charge 
on the ?oating gate. 

[0004] The ?oating gate can hold a range of charge and 
therefore an EPROM memory cell can be programmed to 
any threshold voltage level Within a threshold voltage Win 
doW. The siZe of the threshold voltage WindoW, delimited by 
the minimum and maXimum threshold levels of the device, 
depends on the device’s characteristics, operating conditions 
and history. Each distinct, resolvable threshold voltage level 
Within the WindoW may, in principle, be used to designate a 
de?nite memory state of the cell. 

[0005] In practice, the memory state of a cell is usually 
read by sensing the conduction current across the source and 
drain electrodes of the cell When a reference voltage is 
applied to the control gate. Thus, for each given charge on 
the ?oating gate of a cell, a corresponding threshold voltage 
may be detected, or equivalently, a corresponding conduc 
tion current With respect to a reference control gate voltage 
may be detected. Similarly, the range of charge program 
mable onto the ?oating gate de?nes a corresponding thresh 
old voltage WindoW or a corresponding conduction current 
WindoW. 

[0006] For EPROM memory, the transistor serving as a 
memory cell is typically programmed to one of tWo states by 
accelerating electrons from the substrate channel region, 
through a thin gate dielectric and onto the ?oating gate. The 
memory states are erasable by removing the charge on the 
?oating gate by ultraviolet radiation. 

[0007] An electrically erasable and programmable read 
only memory (EEPROM) has a similar structure but addi 
tionally provides a mechanism for removing charge from its 
?oating gate upon application of proper voltages. 

[0008] An array of such EEPROM cells is referred to as a 
“Flash” EEPROM array When an entire array of cells, or 
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signi?cant group of cells of the array, is erased together (i.e., 
in a ?ash). Once erased, the group of cells can then be 
reprogrammed. 

[0009] FIG. 1 illustrates schematically a typical array of 
non-volatile memory cells 10, such as EPROM, EEPROM 
or ?ash EEPROM, accessible by a series of bit lines 20, 22, 
24, . . . , and Word lines 30, 32, . . . Each memory cell 40 has 

a source 42, a drain 44, a control gate 46 and a ?oating gate 
48. 

[0010] A speci?c cell in a tWo-dimensional array of 
EPROM or EEPROM cells is addressed for reading typi 
cally by application of a source-drain voltage to a pair of 
source and drain lines in a column containing the cell being 
addressed, and application of a control gate voltage to a 
Word line connected to the control gates in a roW containing 
the cell being addressed. 

[0011] FIG. 2 shoWs schematically an addressable array 
of non-volatile memory cells 10 With roW and column 
decoding circuits 50, 52 and a read circuit 60. 

[0012] Referring also to FIG. 1, When the cell 40 is 
addressed for programming or reading, appropriate pro 
gramming or reading voltages (VCG, VS, VD) must be 
supplied respectively to the cell’s control gate 46, source 42 
and drain 44. An address is applied to the roW decoder 50 for 
connecting VCG to the Word line 30 Which in turn is 
connected to the control gate of the cell 40. The same 
address is also applied to the column decoder 52 for con 
necting VS to the source line 20 and VD to the drain line 22, 
Which are respectively connected to the source and drain of 
the cell 40. 

[0013] The memory state of the addressed memory cell 40 
is read With the read circuit 60 placing the appropriate 
operating voltages across the cell’s source and drain, and 
then detecting the level of conduction current ?oWing 
betWeen the source and drain. 

[0014] In the usual tWo-state EEPROM cell, at least one 
current breakpoint level is established so as to partition the 
conduction WindoW into tWo regions. When a cell is read, its 
source/drain current is resolved into a memory state by 
comparing With the breakpoint level (or reference current 
Lref). The current read is higher than that of the breakpoint 
level or Lref, the cell is determined to be in one logical state 
(e.g., a “Zero” state), While if the current is less than that of 
the breakpoint level, the cell is determined to be in the other 
logical state (e.g., a “one” state). Thus, such a tWo-state cell 
stores one bit of digital information. A reference current 
source Which may be externally programmable is often 
provided as part of a memory system to generate the 
breakpoint level current. 

[0015] When a cell is programmed to a given state, it is 
subject to successive programming voltage pulses, each time 
adding incremental charge to the ?oating gate. In betWeen 
pulses, the cell is read back or veri?ed to determine its 
source-drain current relative to the breakpoint level. Pro 
gramming stops When the current state has been veri?ed to 
be in a desired region of the partitioned conduction WindoW. 

[0016] For a multi-state or multi-level EEPROM memory 
cell, the conduction WindoW is partitioned into more than 
tWo regions by more than one breakpoint such that each cell 
is capable of storing more than one bit of data. The infor 
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mation that a given EEPROM array can store is thus 
increased With the number of states that each cell can store. 
EEPROM or ?ash EEPROM With multi-state or multi-level 
memory cells have been described in Us. Pat. No. 5,172, 
338. 

[0017] FIG. 3A illustrates a chunk of memory cells 1 to k 
being read by a bank of sense ampli?ers SA1, . . . , SAk, 

according to the prior art. Each sense ampli?er senses the 
source-drain current of the cell it is connected to. To increase 
read performance, a plurality of cells is typically read in 
parallel chunk-by-chunk. Thus, cell 1, 2, . . . , k is respec 
tively read by sense ampli?er 1, 2, . . . , k, and the outputs 
(D1, (I)2 . . . , (Dk are latched in a chunk shift register. When 
all bits of the chunk are stored in the chunk shift register, the 
chunk can be shifted out serially. In the eXample, the 
conduction WindoW of each cell is partitioned by three 
breakpoints. Each sense ampli?er senses the source-drain 
current of a cell in the chunk and resolves the current into a 
memory state by comparing it relative to three reference 
currents, Iran, 1M2 and 1M3. Therefore, the three breakpoints 
can in principle partition the conduction WindoW into four 
regions representing four possible memory states of the cell. 

[0018] HoWever, in practice, oWing to the noises found in 
both the sensed current of a cell and the reference currents 
it is compared to, if the tWo currents are close together 
Within their error margins, the memory state of the cell 
cannot be determined de?nitely. To offset this, a cell is 
usually programmed Well into a partitioned region. In this 
Way, even if the veri?cation or read has an error due to noise, 
a margin of safety has been programmed to enable the 
programmed state of the cell to be read correctly. This is 
accomplished-by setting up a margin or a guard band around 
each breakpoint or reference current. During program veri 
?cation, the sensed cell current must clear such a margin in 
order to guarantee that it is programmed Well Within a 
desired conduction region of the partitioned WindoW. 

[0019] FIG. 3B(a) illustrates a reference clock in Which a 
reading may be taken at each clock cycle. FIG. 3B(b) shoWs 
an initial setup period for read Where the currents are 
irregular and not ready for read. After this setup period, the 
currents settle doWn to a stable and quiescent state and are 
ready for read (i.e., comparison of the cell’s current against 
a reference current). FIG. 3B(c) illustrates that if a reading 
is taken every clock cycle, the sensed cell current typically 
has a noise ?uctuation Which may be denoted by AI. 

[0020] FIG. 3C illustrates the use of breakpoint levels to 
partition the non-volatile memory’s conduction WindoW into 
separate regions in order to alloW multi-state storage, and the 
implementation of a guard band around each breakpoint 
level to alloW for noise ?uctuations. In the eXample, the 
conduction WindoW-is from about 1 pA to about 50 MA. 
Three breakpoints, Iran, 1M2 and 1M3 (e. g., 6, 20 and 40 MA) 
partition the source-drain range or WindoW into four regions 
representing memory states “3”, “2”, “1”, “0” respectively. 
The reading is done With the control gate voltage set at 5V. 
The four solid I(t) versus VCG lines represent four possible 
charge levels that can be programmed on a ?oating gate of 
a memory cell, respectively corresponding to four possible 
memory states. In order to alloW for the possible noise 
?uctuation AI, a margin of Al on either side of the breakpoint 
is set up When the cell is being programmed. Thus, a cell 
must be programmed With a charge that gives rise to a sensed 
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current clearing the margins. In this Way, When the cell is 
subsequently read, it Will be read correctly even if there is 
an error of AI associated With noise ?uctuations. 

[0021] As an eXample, the margin can be :5 pA around 
each breakpoint, forming a guard band 10 pA Wide. With 
three guard bands, they could take up 60 percent of the 
current WindoW. Thus, it can be seen that the use of margins 
or guard bands Will substantially consume valuable space in 
the conduction WindoW of a memory cell and therefore 
signi?cantly reduce the number of possible partitions. As a 
result, ?oating-gate memory devices in the past have been 
mostly tWo-state, and it has been dif?cult to increase the 
storage capacity of these devices signi?cantly above tWo 
state. 

SUMMARY AND OBJECTS OF THE 
INVENTION 

[0022] Accordingly, it is a primary object of the present 
invention to improve the storing capacity of ?oating-gate 
memories Where each cell can support memory states sub 
stantially greater than tWo. 

[0023] It is a further object of the present invention to 
provide improved read and program circuits as part of an 
EPROM, EEPROM or ?ash EEPROM integrated circuit 
memory chip. 

[0024] It is also an object of the invention to provide read 
and program circuits Which are simpler, easier to manufac 
ture and have improved accuracy and reliability over an 
eXtended period of use. 

[0025] It is yet another object of the present invention to 
provide Flash EEPROM semiconductor chips that can 
replace magnetic disk storage devices in computer systems. 

[0026] These and additional objects are accomplished by 
improvements in EEPROM array read and Write circuits and 
techniques Where the range of charge programmable into the 
?oating gate of a memory cell gives rise to a corresponding 
range of conduction states detectable by corresponding cell 
conduction currents across the source and drain of the cell, 
and Where each resolvable conduction state is usable to 
represent a logical memory state, the improvement being a 
sense ampli?er and method Where the sensing accuracy of 
the cell current level is substantial improved by averaging 
the cell current over a predetermined period of time suf? 
cient for noise ?uctuations therein to cancel to a predeter 
mined value, and in the process also resolves in the digital 
domain the noise-canceled current level directly into a 
memory state. 

[0027] The improved sensing accuracy alloWs the range of 
conduction states (conduction WindoW) of the cell to be 
?nely partitioned to support higher density storage. In this 
Way, it is possible to have tWo or substantially more distinct 
states Within each memory cell over an eXtended lifetime of 
the memory cells, so that one or substantial more bits may 
be reliably stored in each cell. 

[0028] Aconventional sense ampli?er is substantially less 
accurate because it senses a noisy cell current. The error is 
further compounded by having to resolve its memory state 
in the analog domain by comparing against yet another noisy 
reference current that is used to demarcate the states of the 
conduction WindoWs. The input noise rejection of instanta 
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neous sensing is loW. There is also noise from output 
switching as Well as poor rejection of poWer line noise. 
Margins have to be set up in the partitioning of the conduc 
tion WindoW to offset the sensing and resolving errors. This 
prevents ?ner partitioning of the conduction WindoW, result 
ing in loWer density cell storage. 

[0029] According to one embodiment of the present inven 
tion, the averaging of the cell current is accomplished by a 
current-to-frequency converter that outputs a Wave train 
With a frequency proportional to the cell current. The 
converter operates over a predetermined integration time 
that is long compared to the noise ?uctuation of the cell 
current and outputs a Wave train segment in that time. The 
number of cycles in the Wave train segment is counted by a 
counter and is proportional to the sensed, time-averaged 
current. A timer circuit provides the timing for the integra 
tion time. 

[0030] In one embodiment of the counter for a n-bit cell, 
the counter comprises a series of at least n-cascading 
Divide-By-TWo frequency dividers, that in combination 
output the count in the Wave train segment as a memory state 
in binary format. 

[0031] In the preferred embodiment, a group (chunk) of 
cells is sensed in parallel and the sensed states are shifted out 
by a shift register chunk-by-chunk. In this Way, the longer 
time required to perform a time-averaged sensing for each 
cell is offset by the time saving When sensing a chunk of 
cells in parallel. 

[0032] Thus, the invention provides much more accurate 
sensing by avoiding the convention methods of sensing cell 
currents With their noise ?uctuations untreated, and avoiding 
having to determine the relative location of the sensed 
current in the conduction WindoW by comparing it against 
another noisy reference current in the analog domain. 

[0033] According to another embodiment of the invention, 
adaptation is made to eXisting sense ampli?er architectures 
Where the memory cell current is compared to a reference 
current. An integrating comparator is employed Where the 
comparison betWeen the tWo currents are made over the 
predetermined period of time suf?cient for noise ?uctuations 
therein to cancel to a predetermined value. Preferred 
embodiments of the integrating comparator include sym 
metric, sWitched or non-sWitched capacitor differential 
ampli?er. The resulting advantage is that little modi?cations 
need be made to eXisting highly optimiZed circuits. In 
addition, conventional, and Well knoWn integrating ampli?er 
techniques or sWitched capacitor differential ampli?er can 
be employed. By the same token, these techniques are 
typically used in combination With other Well established 
techniques such as ?ltering, analog-digital conversion, 
including offset cancellation and poWer supply or other 
noise rejections. 

[0034] Additional objects, features and advantages of the 
present invention Will be understood from the folloWing 
description of its preferred embodiments, Which description 
should be taken in conjunction With the accompanying 
draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0035] FIG. 1 illustrates schematically a typical array of 
non-volatile memory cells accessible by a series of bit lines 
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and Word lines, and each memory cell having a source, a 
drain, a control gate and a ?oating gate; 

[0036] FIG. 2 shoWs an addressable array of non-volatile 
memory cells-With roW and column decoding circuits and a 
read circuit; 

[0037] FIG. 3A illustrates a chunk of memory cells 1 to K 
being read by a bank of sense ampli?ers, according to the 
prior art; 

[0038] FIGS. 3B(a)-3B(c) respectively illustrate a system 
clock, the ready status of data for sensing, and the noise 
?uctuations of the source-drain current of a memory cell 
being sensed; 
[0039] FIG. 3C illustrates the use of breakpoint levels to 
partition the non-volatile memory’s conduction WindoW into 
separate regions in order to alloW multi-state storage, and the 
implementation of a guard band around each breakpoint 
level to alloW for noise ?uctuations; 

[0040] FIG. 4A is a schematic block diagram of the sense 
ampli?er according to a general, preferred embodiment of 
the present invention; 

[0041] FIG. 4B illustrates a source-drain current I(t) hav 
ing noise ?uctuations With a characteristic period T M and the 
resulting time-averaged <I(t)>T as processed by the sense 
ampli?er of the present invention; 

[0042] FIG. 4C illustrates hoW such a characteristic ?uc 
tuation time can be de?ned; 

[0043] FIG. 4D illustrates one advantage of the present 
invention in requiring a much reduced guard band as com 
pared to that of FIG. 3C of the prior art; 

[0044] FIG. 5 is a detailed schematic block diagram of the 
sense ampli?er shoWn in FIG. 4A, according to a preferred 
embodiment of the present invention; 

[0045] FIGS. 6(a)-6(LD are timing diagrams for the Strobe 
generator shoWn in FIG. 5; 

[0046] FIGS. 7(a)-7(e) are timing diagrams for the sense 
ampli?ers shoWn in FIG. 5; 

[0047] FIG. 8 shoWs a preferred embodiment of the 
counter in the sense ampli?er shoWn in FIG. 5; 

[0048] FIG. 9A is a schematic block diagram of the strobe 
generator shoWn in FIG. 5, according to a preferred embodi 
ment of the present invention. 

[0049] FIG. 9B illustrates another embodiment of the 
strobe generator shoWn in FIG. 5; 

[0050] FIG. 10A illustrates a preferred embodiment of the 
Current-to-Frequency Converter shoWn in FIG. 5; 

[0051] FIG. 10B illustrates in more detail the oscillator 
shoWn in FIG. 10A; 

[0052] FIG. 10C illustrates a preferred embodiment of the 
pulse generator shoWn in FIG. 10B; 

[0053] FIGS. 11(a)-11(g) are timing diagrams shoWing the 
outputs from the oscillators and the S-R latch of FIGS. 
10A-10C; 
[0054] FIG. 12 is a detailed schematic block diagram of 
the sense ampli?er shoWn in FIG. 4A, according to another 
preferred embodiment of the present invention; 
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[0055] FIG. 13A illustrates a preferred embodiment of the 
integrating comparator shoWn in FIG. 12; 

[0056] FIG. 13B illustrates another preferred embodiment 
of the integrating comparator shoWn in FIG. 12; 

[0057] FIG. 14A illustrates one implementation of com 
parison betWeen the memory cell’s current and the reference 
currents; and 

[0058] FIG. 14B illustrates a preferred implementation of 
comparison betWeen the memory cell’s current and the 
reference currents. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0059] As described earlier, the inaccuracies of conven 
tional sense ampli?ers necessitate the implementation of 
margins and guard bands Within the conduction WindoW of 
a ?oat-gate memory device. This encroachment increases 
With the number of partitioning in the WindoW, Thus, it has 
been dif?cult to increase the partitioning to enable a cell to 
store multi-state data. 

[0060] One important feature of the present invention is to 
improve the accuracy of the sensing by suitable treatment of 
noises inherent in the sensing device, thereby signi?cantly 
reducing the Width of the margins or guard bands. 

[0061] FIG. 4A is a schematic block diagram of the sense 
ampli?er according to a general, preferred embodiment of 
the present invention. A cell 100 has its source-drain current 
I(t) sensed by a sense ampli?er 110. I(t) typically has a noise 
component as illustrated in FIG. 3B and FIG. 4B With noise 
?uctuations given by AI. One special feature of sense 
ampli?er 110 is to process this ?uctuating current by means 
of an integrator 112 Which effectively produces a time 
averaged current <I(t)>T over a predetermined period T. An 
A/D module 114 further converts the sensed analog, time 
averaged current into a digital format corresponding to an 
output memory state (I). 

[0062] FIG. 4B illustrates a source-drain current I(t) hav 
ing noise ?uctuations With a characteristic period TM, and 
the resulting time-averaged <(t)>T as processed by the sense 
ampli?er of the present invention. The sensed source-drain 
current of a memory cell, I(t) has a time-dependent random 
noise component AI. When I(t) is averaged over a suf?cient 
period of time T, the noise ?uctuations are substantially 
canceled out. The resultant error in <(t)>T is given by 61 
Which is substantially less than AI. The suf?cient period of 
time for averaging Would be a period T substantially greater 
than a characteristic time TAI of the noise ?uctuation. This 
TAI can be de?ned as a period Where a predetermined amount 
of noise ?uctuation has canceled out. 

[0063] For eXample, in many EEPROM or ?ash EEPROM 
devices, the characteristic ?uctuation time TAI has been 
estimated to be from 10 nanoseconds to several hundred 
nanoseconds. Thus, for these typical devices, the averaging 
or integration time T should preferably be substantially 
higher than TM. In contrast, prior art sensing of I(t) is sensed 
instantaneously in a time less than TM. 

[0064] FIG. 4C illustrates hoW such a characteristic ?uc 
tuation time can be de?ned. The graph is a plot of noise 
?uctuation of the time-averaged sensed current <I(t)>T ver 
sus the averaging or integration time T. When the integrated 
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time T is Zero, as in the conventional case of no time 
averaging, the noise ?uctuation in a sensed current is given 
by AI. As the averaging time is increased, the noise ?uc 
tuation in the time-averaged sensed current decreases due to 
phase cancellations. The characteristic averaging or integra 
tion time TAI can be de?ned as the time to perform the 
averaging of the sensed current until its mean ?uctuating is 
reduced by a factor K, Where K, for eXample, may equal e_1. 

[0065] FIG. 4D illustrates one advantage of the present 
invention in requiring a much reduced guard band as com 
pared to that of FIG. 3C of the prior art. Since, the 
time-averaged sensed current has an error 6I<<AI, the guard 
band around each breakpoint in the partitioned conduction 
WindoW is substantially reduced. This Will avoid Wasting 
useful conduction WindoW space, and alloW more partitions 
to be made so as to support even higher density multi-state. 

[0066] FIG. 5 is a detailed schematic block diagram of the 
sense ampli?er shoWn in FIG. 4A, according to a preferred 
embodiment of the present invention. 

[0067] Preferably, a chunk of k (e.g., k=128) cells are 
sensed in parallel by a corresponding bank of k sense 
ampli?ers, such as 130, 140, . . . 150. The bank of sense 

ampli?ers outputs a data chunk of k sensed states (D1, (D2, . 
. . , (Dk that is loaded into a multi-state chunk shift register 

160 Which in turn shifts out the data chunk-by-chunk. 

[0068] Each sense ampli?er, such as sense ampli?er 130, 
comprises a current-to-frequency (I-to-f) converter 132 and 
a counter 134. In the preferred embodiment, the I-to-f 
converter converts the cell’s current I1 into a Wave train 
having a frequency f1 proportional to the current I1. This 
frequency f1 is then measured by the counter 134 to obtain 
the logical memory state (D1. Both the I-to-f converter 132 
and the counter 134 Within the sense ampli?er 130 perform 
their operation over an integration time T. 

[0069] Thus, over the integration time T, a Wave train 
segment is produced by the I-to-f converter 132. Since the 
frequency of the Wave train is proportional to the current I1, 
so Will the number of cycles contained in this segment. By 
counting the number of cycles in this segment With the 
counter 134, the magnitude of I1 and therefore the memory 
state of the cell 100 can be obtained. Since the operations of 
the 1-to-f converter 132 and the counter 134 are performed 
over the time period T, they are equivalent to the combined 
operations of time-averaging by the integrator 112 and 
digital conversion by the A/D unit 114 shoWn in FIG. 4A. 

[0070] A timer circuit 170 generates the timing for the 
integration time T in the form of a strobe signal in a strobe 
line 172. The strobe signal controls the timing of each of the 
sense ampli?ers such as 130, 140, . . . , 150, associated With 

the chunk. 

[0071] Since the number of cycles in a Wave train is 
proportional to the integration time, a normaliZed integration 
time is determined by the time taken to count a given 
number of cycles Nref in a reference Wave train With fre 
quency fref generated from a reference current Imf. The timer 
circuit 170 comprises an I-to-f converter 172 for receiving 
LIef and generating a reference Wave train segment, and a 
counter 174 to count the number of cycles in the reference 
segment. 

[0072] The input current Iref is provided by a current 
source 176 that supplies a reference current. In a preferred 












