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NONVOLATILE MEMORY CELL AND METHOD 
FOR PROGRAMMING AND/OR VERIFYING THE 

SAME 

[0001] This application is a Divisional of application No. 
08/898,689 ?led Jul. 22, 1997. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates to a memory device 
and in particular, a nonvolatile memory device and a method 
of programming and/or verifying the same. 

[0004] 2. Background of the Related Art 

[0005] The packing density of a conventional nonvolatile 
memory corresponds in a one to one fashion to the number 
of memory cells. When nonvolatile semiconductor memory 
devices, such as EEPROM and ?ash EEPROM, are used as 
mass storage media, it is dif?cult to overcome the high 
cost-per-bit of the memories. Further, nonvolatile memory 
chips of loW poWer consumption are required for application 
of the nonvolatile memories to portable products. In order to 
loWer the cost-per-bit, multibit-per-cell has been actively 
studied. 

[0006] A multibit cell stores data of over tWo bits in one 
memory cell to enhance the density of data on the same chip 
area Without increasing the siZe of the memory cell. In order 
to implement a multibit cell, more than tWo threshold 
voltage levels may be programmed on each memory cell. 
For example, in order to store data of tWo bits for every cell, 
the respective cells must be programmed in 22 (four) thresh 
old levels. The four threshold levels correspond to logic 
states 00, 01, 10, and 11, respectively. HoWever, a problem 
arises due to statistical distribution value of about 0.5 V 
during the multi-level programming. 

[0007] The distribution is reduced by precisely setting the 
respective threshold levels, and more levels can be pro 
grammed, Which increases the number of bits per cell. To 
reduce the voltage distribution, repeated programming and 
veri?cation are performed in the conventional method. For 
programming, a series of voltage pulses are applied to the 
cells to adjust the threshold levels. To verify Whether a cell 
has reached an intended threshold level, a read operation is 
performed betWeen the respective programming voltage 
pulses. Programming and veri?cation are completed When 
the veri?ed threshold level reaches the intended threshold 
level. 

[0008] In the conventional method of repeated program 
ming and veri?cation, there is some difficulty in reducing the 
error distribution of the threshold level due to the limited 
pulse Width of a program voltage. Further, the algorithm of 
repeated programming and veri?cation is implemented With 
additional circuits, Which increase the area of peripheral 
circuits on the chip. The repetitive method prolongs the 
programming time. To solve such problems, R. Cernea of 
SunDisk Co., Ltd. suggested a method of simultaneous 
programming and veri?cation in Us. Pat. No. 5,422,842. 

[0009] FIG. 1A illustrates the symbol and circuit diagram 
of the nonvolatile memory. The nonvolatile memory cell 
includes a control gate 1, ?oating gate 2, source 3, channel 
area 4, and drain 5. When voltages suf?cient to cause 
programming are applied to control gate 1 and drain 5, a 
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current ?oWs betWeen drain 5 and source 3, and electrons are 
injected into the ?oating gate 2. This current is compared to 
a reference current, Which varies for each threshold voltage 
level to be programmed. The auto veri?cation of a pro 
grammed condition at the same time as programming can 
compensate for the disadvantage of the repetition of the 
program veri?cation to some extent. When the current 
reaches a value equal to or smaller than the reference 
current, a programming completion signal is produced. 

[0010] US. Pat. No. 5,043,940 discloses a method for 
conducting multi-level programming in Which voltages 
applied to each terminal of the memory cell are ?xed While 
reference currents for respective levels are varied. In these 
methods, as shoWn in FIG. 1B, the relation betWeen the 
reference currents for detection and the cell threshold volt 
ages is neither explicit nor linear. 

[0011] In the above method, the threshold level is not 
adjusted by a voltage applied to the control gate of the 
memory cell. Hence, a separate optimiZation of the opera 
tions for programming and sensing is dif?cult. The unsepa 
rated currents for programming and monitoring prevent 
direct control of the threshold voltage of cell. Accordingly, 
a current controlled type programming method like afore 
mentioned prior arts has a disadvantage that a direct and 
effective multi-level control is also dif?cult. 

[0012] To eliminate such problems, the present inventor 
suggested a programming method of a voltage control type 
in Which precise control of the threshold voltage of a 
multibit cell is done by means of a voltage applied to the 
control gate of the cell (US. patent application Ser. No. 
08/542,651, commonly assigned to the same assignee). 
According to this method, a shift of the threshold voltage of 
a cell is precisely identical to a shift of the control gate 
voltage. Therefore, the threshold voltage can be ideally 
adjusted. HoWever, a channel of the transistor is turned on at 
the start of programming (i.e., inverted) for current ?oW 
therethrough, and a current at a drain is decreased, as the 
programming proceeds, until the current ?oW level reaches 
a predetermined reference current value. Since the current 
?oW starts at the maximum current from the start of pro 
gramming and decreases thereafter, the initial poWer con 
sumption is high. 

[0013] The cell structures of EEPROM and ?ash 
EEPROM can be classi?ed into tWo types, according to the 
position of ?oating gate on the channel region. The ?rst type 
is the simple stacked gate structure in Which the ?oating gate 
fully covers the channel region. The second type is the 
split-channel structure in Which the ?oating gate covers only 
a portion of the channel region betWeen the source and drain. 
The channel region not covered by the ?oating gate thereon 
is functionally called a select transistor. The select transistor 
and the ?oating gate transistor are connected in series to 
compose a memory cell. 

[0014] The split-channel type cell is also classi?ed into 
tWo different types according to the methods for forming the 
select transistor. A merged-split-gate cell has a control gate 
electrode of the ?oating gate transistor and a gate electrode 
of the select transistor integrated into one. A split-gate-cell 
has the control gate electrode of the ?oating gate transistor 
and the gate electrode of the select transistor separated from 
each other. The select transistor prevents the problem of over 
erasure and alloWs easy formation of contactless virtual 
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ground array. The split-gate-cell allows easier hot electron 
injection from the source side. 

[0015] FIG. 2A illustrates a diagram of a conventional 
nonvolatile memory cell of simple stacked gate type, and 
FIG. 2B illustrates a diagram of a conventional nonvolatile 
memory cell of split channel type. FIGS. 2A and 2B also 
illustrate the program and erasure mechanisms. In FIG. 2A, 
the stacked gate type cell comprises a control gate 6, a 
?oating gate 7, a source 8, a drain 9, a channel region 10 and 
a gate 11 for use in erasure. In FIG. 2B, the split channel 
type cell comprises a control gate 13, a ?oating gate 14, a 
source 15, a drain 16, a channel region 17 and a gate 18 for 
use in erasure. 

[0016] The split-channel cell employs a hot electron inj ec 
tion mechanism for programming the threshold voltage 
level. The merged-split-gate cell employs a drain side hot 
electron injection mechanism While the split-gate cell 
employs a source side hot electron inj ection mechanism. The 
split-channel cell has more poWer consumption due to the 
hot electron injection mechanism used during programming 
operation compared to tunneling mechanism. There is dif 
?culty in the merged-split-gate cell in carrying out different 
kinds of ion injection tWo times into the drain region, as 
required for better hot carrier injection. There is difficulty in 
the split-gate cell for optimiZing an oxide ?lm thickness 
betWeen the select transistor and the ?oating gate transistor, 
Which is required for better hot carrier injection, for appro 
priate ?oW of current during an initial read operation and for 
preventing the degradation of the read current caused by 
degradation of the oxide ?lm. 

[0017] In the conventional split-channel cell, the electron 
injection programming=data Writing) is carried out by hot 
carrier injection through a gate oxide ?lm adjacent to a 
channel. The electron erasure (deletion of data) is carried out 
either through a third gate other than a select gate or the 
control gate, or through a gate oxide ?lm adjacent to a 
channel, or through the control gate. 

[0018] Similar to other EEPROMs, FN-tunneling is 
employed for erasure. In case of the aforementioned split 
channel cell, a thin gate insulating ?lm of about 100 A is 
required since the cell uses tunneling through the insulating 
?lm for erasure. The thin insulating ?lm cannot assure 
reliable operation and degrades control gate coupling. In 
other Words, as the cell siZe is further reduced, the coupling 
becomes even smaller, Which is not favorable for loW 
voltage/high speed operation. 
[0019] Further, the erasure gates 11 and 18 are not nec 
essary during the programming operation, and each of the 
conventional cells, shoWn in FIGS. 2A and 2B, has a 
structure equivalent to a double polygate structure. Conven 
tionally, the programming operation is conducted using only 
electrodes of the control gate, source and/or drain, and the 
current paths for programming and verifying (or sensing) 
Within a memory cell are unseparated, such that a direct and 
effective multi-level control has been dif?cult. 

[0020] The above references are incorporated by reference 
herein Where appropriate for appropriate teachings of addi 
tional or alternative details, features and/or technical back 
ground. 

SUMMARY OF THE INVENTION 

[0021] It is an object of the present invention to substan 
tially obviate one or more of the problems of the related art. 
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[0022] One object of the present invention is to provide a 
nonvolatile memory cell and a method for programming the 
nonvolatile memory cell Which alloWs an easy and simul 
taneous veri?cation of single or multi-level programming. 

[0023] Another object of the invention is to provide a 
region for programming and a region for veri?cation Which 
are completely or substantially separated from each other. 

[0024] Another object of the present invention is to pro 
vide a nonvolatile memory cell and a method for single or 
multi-level programming of the nonvolatile memory cell in 
Which each threshold level is adjusted by means of a voltage 
applied to a control gate. 

[0025] Still another object of the present invention is to 
provide a linear relationship betWeen each threshold level 
and a corresponding voltage applied to the control gate. 

[0026] A further object of the present invention is to 
provide a nonvolatile memory cell and a method for single 
or multi-level programming the nonvolatile memory cell in 
Which simultaneous veri?cation of a programming is avail 
able. 

[0027] Another object of the present invention is to initiate 
a cell in a turned-off state, to monitor a state of the cell 
channel during the programming and to force the program 
ming to stop at a predetermined channel state after the cell 
is turned-on. 

[0028] A further object of the present invention is to 
provide a split-channel cell Which uses tunneling for pro 
gramming and uses hot carrier injection or tunneling for 
erasure. 

[0029] Still another object of the present invention is to 
provide a nonvolatile memory cell and a method for pro 
gramming the nonvolatile memory cell Which minimiZes the 
consumption of current during programming. 

[0030] Still another object of the present invention is to 
provide a split channel cell With a gate dielectric ?lm 
reliability and to improve a coupling constant. 

[0031] To achieve these and other advantages and in 
accordance With the purpose of the present invention, as 
embodied and broadly described, the nonvolatile memory 
includes a program/select gate for acting as a terminal for 
selecting a cell in programming, reading and erasure and for 
programming in programming, a ?oating gate for storage of 
charges for storage of data and for being extracted of the 
charges to the program/select gate in programming, a control 
gate for inducing a potential at the ?oating gate in control 
ling an amount of the charges extracted from the ?oating 
gate to the program/select transistor in programming, and a 
transistor unit having the ?oating gate, the program/select 
gate, a channel region, a source and a drain. 

[0032] In other aspect of the present invention, there is 
provided a method of programming a nonvolatile memory 
cell, Which nonvolatile memory cell has a control gate, a 
?oating gate, a program/select gate, a drain, a source, and a 
channel region betWeen the drain and the source, including 
the steps of applying a ?rst voltage to the control gate, 
applying a second voltage to the program/select gate, apply 
ing a third voltage to the drain, and applying a fourth voltage 
to the source, for varying an amount of charges in the 
?oating gate so that the channel region is turned-off at an 
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initial stage of a single level programming and is turned-on 
for performing the single level programming, and monitor 
ing a conductivity of the channel region during the program 
ming for forcing application of at least one of the ?rst and 
second voltages to the control gate and the program/select 
gate to stop When the monitored conductivity is measured to 
be a predetermined reference value. 

[0033] The present invention may be also achieved in part 
or in Whole by a method of at least one of programming and 
verifying a memory cell to a threshold voltage level, the 
memory cell having a transistor With a control gate, a ?rst 
gate, a second gate and ?rst and second electrode regions 
and a channel region betWeen the ?rst and second electrode 
regions, comprising the steps of: accumulating charge car 
riers in the ?rst gate to a ?rst charge amount level; and 
transferring the charge carriers through a ?rst current path 
formed betWeen the ?rst gate and the second gate; and 
monitoring one of (a) a current ?oW through a second 
current path betWeen the ?rst and second electrodes and (b) 
a potential at one of the ?rst and second electrodes, Wherein 
charge carriers are transferred through the ?rst current path 
until one of (a) the current ?oW through the second current 
path equals a reference current and (b) the potential at one 
of the ?rst and second electrodes equals a reference voltage, 
respectively, such that the threshold voltage level is pro 
grammed. 

[0034] The present invention may be achieved in part or in 
Whole by a semiconductor device, comprising: ?rst and 
second electrodes and a channel region therebetWeen; a ?rst 
gate for accumulating an amount of charge carriers; a second 
gate for selection the semiconductor device for a prescribed 
operation including programming a threshold voltage level 
of the semiconductor device; and a third gate for inducing a 
transfer of charge carrier from the ?rst gate to the second 
gate during programming operation, Wherein a ?rst current 
path due to the transfer of charge carriers is separate from a 
second current path due to a current ?oWing betWeen the ?rst 
and second electrodes. 

[0035] Additional advantages, objects, and features of the 
invention Will be set forth in part in the description Which 
folloWs and in part Will become apparent to those having 
ordinary skill in the art upon examination of the folloWing 
or may be learned from practice of the invention. The objects 
and advantages of the invention may be realiZed and attained 
as particularly pointed out in the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0036] The invention Will be described in detail With 
reference to the folloWing draWings in Which like reference 
numerals refer to like elements Wherein: 

[0037] FIG. 1A illustrates a circuit of the most general 
nonvolatile memory cell; 

[0038] FIG. 1B illustrates a graph explaining the auto 
verify programming principle of the nonvolatile memory 
cell of FIG. 1A; 

[0039] FIG. 2A illustrates a circuit of a prior art nonvola 
tile memory cell of simple stacked gate structure; 

[0040] FIG. 2B illustrates a circuit of a prior art nonvola 
tile memory cell of split-channel structure; 
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[0041] FIG. 3A illustrates a circuit of a nonvolatile 
memory cell in accordance With one preferred embodiment 
of the present invention; 

[0042] FIG. 3B illustrates a circuit shoWing the nonvola 
tile memory cell of FIG. 3A in vieW of its functions; 

[0043] FIG. 3C illustrates a diagram shoWing current 
paths in the nonvolatile memory cell shoWn in FIG. 3A in 
programming operation; 

[0044] FIG. 4 illustrates a diagram shoWing a process of 
the current detection method for programming a nonvolatile 
memory cell; 

[0045] FIGS. 5A~5H illustrate diagrams shoWing Wave 
forms at different nodes of FIG. 4; 

[0046] FIG. 6 illustrates a ?oWchart shoWing a single or 
multi-level programming process in accordance With the 
present invention; 

[0047] FIG. 7A illustrates a capacitance equivalent circuit 
of the nonvolatile memory cell shoWn in FIG. 3A; 

[0048] FIG. 7B illustrates a relation betWeen threshold 
levels to be programmed and correspondingly applied con 
trol gate voltages, and a relation in a multi-level program 
ming betWeen an initial ?oating gate voltage for each level 
and reference currents; 

[0049] FIG. 7C illustrates a graph shoWing turn-on/turn 
off points of a transistor and a relation betWeen a program 
ming end point and a drain current in a multi-level program 
ming; 

[0050] FIG. 8A is a diagram for explaining a process for 
programming a nonvolatile memory cell using the voltage 
detection method in accordance With the present invention; 

[0051] FIG. 8B illustrates a circuit shoWing another 
embodiment of the voltage detector shoWn in FIG. 8A; 

[0052] FIG. 9A illustrates a ?rst form structure of the 
nonvolatile memory cell in accordance With the present 
invention; 

[0053] FIG. 9B illustrates a section across line I-I‘ in FIG. 
9A; 

[0054] FIG. 10A illustrates a second form structure of the 
nonvolatile memory cell in accordance With the present 
invention; 

[0055] FIG. 10B illustrates a section across line II-II‘ in 
FIG. 10A; 

[0056] FIG. 11A illustrates a third form structure of the 
nonvolatile memory cell in accordance With the present 
invention; 

[0057] FIG. 11B illustrates a section across line III-III‘ in 
FIG. 11A; 

[0058] FIG. 12A illustrates a fourth form structure of the 
nonvolatile memory cell in accordance With the present 
invention; and 

[0059] FIG. 12B illustrates a section across line IV-IV‘ in 
FIG. 12A. 
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DETAILED DESCRIPTION OF PREFERRED 

EMBODIMENT(S) 
[0060] In the explanations of the present invention, a 
programming operation is de?ned as a data Writing opera 
tion, and an erasure operation is de?ned as an operation in 
Which all the data Within a block to be erased are made into 
the same state. Therefore, an erasure operation may result in 
a state in Which the threshold voltage of the memory cell is 
either loW or high. In the preferred embodiments of the 
present invention described hereinafter, the erasure state is 
de?ned as the highest threshold voltage level for, e.g., an N 
type channel FET (Field Effect Transistor). 

[0061] FIG. 3A illustrates a diagram of a nonvolatile 
memory cell in accordance With one preferred embodiment 
of the present invention. The cell includes a program/select 
gate 31 for selecting a cell, for reading and Writing/erasure 
and for programming. A ?oating gate 32 stores charges 
corresponding to stored data, and the charges are extracted 
from the ?oating gate 32 to the program/select gate 31 
during the programming operation. A control gate 33 
induces a potential at the ?oating gate 32 by a capacitive 
coupling, and controls the amount of the charges extracted 
from the ?oating gate 32 to the program/select gate 31. 

[0062] FIG. 3B illustrates a functionally equivalent sche 
matic diagram of the nonvolatile memory cell shoWn in 
FIG. 3A. A storage transistor 34 includes a control gate 33, 
a ?oating gate 32, a channel region 38b beneath the ?oating 
gate 32, and the drain 37 stores data in the ?oating gate 32. 
The select transistor 35, including a select/program gate 31, 
a channel region 38a under the select/program gate 31 and 
a source 36, sWitches on or off a current ?oW betWeen the 
drain 37 and the source 36, irrespective of the state of the 
threshold voltage of the storage transistor 34, thereby giving 
selectivity to the cell. A region 38c betWeen the select 
transistor 38a and the storage transistor 38b serves as a drain 
for the select transistor 35 and a source for the storage 
transistor 34. In the source side of an N type transistor, hot 
electrons are generated at the channel region 38b and are 
injected into the ?oating gate 32. 

[0063] The nonvolatile memory cell of the present inven 
tion has an additional feature that the select/program gate 31 
and the ?oating gate 32 form a tunnel diode. For an N type 
transistor, electrons are extracted from the ?oating gate 32 to 
the select/program gate 31 through the tunnel diode, in 
Which the program/select gate 31 serves as a terminal during 
the programming operation. In other Words, the electrons are 
extracted from the ?oating gate 32 to the program/select gate 
31. 

[0064] The structural feature of the tunnel diode, and the 
functions and operations of the cell transistor and each 
terminal make the nonvolatile memory cell of the present 
invention novel over the prior art nonvolatile memory cell. 
Further, an applied voltage may be distributed to the pro 
gram/select gate 31 and the control gate 33 appropriately for 
improving the selectivity during the programming operation 
of the cells in accordance With the present invention. 

[0065] As shoWn in FIG. 3C, the nonvolatile memory cell 
of the present invention includes a programming operation 
region Which is completely separated from the channel 
region of the cell during the programming operation. That is, 
a programming current path and the channel current path 

Jun. 21, 2001 

(monitoring current path) are separated. Therefore, during 
the programming operation, a state of conductivity variation 
in the channel region 38 varied in correspondence to a 
charge amount variation in the ?oating gate 32 can be 
monitored at the same time and independent from the 
programming current path. In other Words, the monitoring is 
conducted by the ?eld effect transistor having the ?oating 
gate 32, select/program gate 31 and the channel gate 38. A 
general sense ampli?er (not shoWn) is used to monitor a 
drain 37 or source 36 current of the cell. 

[0066] Accordingly, the structure of the nonvolatile 
memory cell in accordance With the present invention has 
separate programming and monitoring paths during the 
programming operation. Hence, the memory cell of the 
present invention is a 4-terminal FET having the control gate 
33, the source 36, drain 37 and select/program gate 31 
during a programming operation. A prior art nonvolatile 
memory cell, hoWever, is a 3-terminal FET. Therefore, the 
structure of the nonvolatile memory cell in accordance With 
the present invention facilitates simultaneous programming 
and monitoring. As can be appreciated by one of ordinary 
skill in the art, existing repeating program/verify methods 
can also be employed With the nonvolatile memory cell in 
accordance With the present invention. 

[0067] In case of an N type transistor, an erasure operation 
of the nonvolatile memory cell of the present invention is an 
injection of electrons into the ?oating gate 32. Accordingly, 
the erasure operation may be done by a drain 37 side 
tunneling, or by a source side hot electron injection. For 
erasure using the hot carrier injection mechanism, a thin gate 
dielectric ?lm betWeen the channel region 38 or drain 37, 
and the ?oating gate 32 is not necessary to an extent required 
for tunneling, Which alloWs signi?cantly easier gate dielec 
tric ?lm forming process compared to existing process. 
Further, reliability is assured, and assumes improved cou 
pling constant, thereby alloWing a loW voltage and high 
speed operation. Such advantages eliminate the problems of 
the prior art nonvolatile memory cells and avoid future 
problems associated With scaling-doWn of the nonvolatile 
memory cell, such as the loW ?eld leakage from tunneling 
and degradation of a gate oxide ?lm. Accordingly, the 
nonvolatile memory cell of the present invention is favor 
able for scaling-doWn the siZe. 

[0068] The nonvolatile memory cell of the present inven 
tion has a novel structure in Which an independent selection 
of any one cell for either programming or erasure operation 
is alloWed Without the problems related to the reliability of 
cell array. During a programming operation, a selectivity is 
determined by the transistor having the control gate 33 and 
the drain 37. For example, in case of an N type transistor, 
programming can be done by a tunneling through the tunnel 
diode, and erasure can be done by a source side hot electron 
injection for an N-type transistor. In other Words, the 
memory cell of the present invention may be used as an 
EEPROM or a ?ash EEPROM. 

[0069] Methods for single or multi-level programming 
and/or veri?cation of the nonvolatile memory cell of FIGS. 
3A~3C are explained With reference to FIGS. 4-6. In the 
method for programming and/or verifying the nonvolatile 
memory cell, a current detection method and a voltage 
detection method may be used. For convenience, the current 
detection method Will be explained. FIG. 4 illustrates a 
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diagram showing a process of the current detection method 
and a system for programming the nonvolatile memory cell. 
The diagram shoWn in FIG. 4 includes a ?rst voltage source 
39, a second voltage source 40, a third voltage source 41, a 
fourth voltage source 42, current detector 43 and a selected 
nonvolatile memory cell 100 (shoWn in FIGS. 3A~3B) of a 
memory device. The label Ps represents an i-th level pro 
gramming start signal applied externally, and the label VST 
represents a programming stop signal. 

[0070] The ?rst voltage source 39 provides a voltage 
Vc)i(i=0, 1, 2, - - - , n-l) to the control gate 33 of the 
nonvolatile memory 100 for i-th level threshold voltage 
programming during a multi-level programming operation. 
Accordingly, the value of the ?rst voltage Vc)i varies With 
every threshold level programming. The second voltage 
source 40 provides a second voltage VPS to the program/ 
select gate 31 for a single or a multi-level threshold voltage 
programming. The voltage VPS may vary, but has a constant 
positive voltage value at the end of the programming time. 
The third voltage source 41 induces a third potential or 
voltage VD at the drain 37 and a current detector 43 monitors 
a programmed state during a single or a multi-level pro 
gramming, i.e., for monitoring a current ID)i(t) at the drain 
37, and the fourth voltage source 42 applies a fourth voltage 
VS to the source 42. The fourth voltage VS may be either a 
ground voltage or a voltage loWer than the third voltage VD. 
The label ID)i(t) represents a value of the current ?oWing 
through the drain 37 over time. 

[0071] The current detector 43 issues the programming 
stop signal VST during i-th threshold voltage level program 
ming When the value of the current ID)i(t) ?oWing through 
the drain 37 reaches to a reference current value IREF (for 
eXample, corresponding to a reference voltage VFREF at the 
?oating gate 32). A time tp)i represents the completion time 
of the programming operation. The threshold current ITH is 
dependent on the electrical characteristics of the nonvolatile 
memory cell. The threshold current ITH may be de?ned as a 
threshold voltage VTH necessary for current to ?oW in the 
nonvolatile memory cell. The current value ID>i(t) at the 
drain 37 may be re-de?ned as a current value dependent on 
time. This current value ID)i(t)represents a current at the 
drain 37 determined by a voltage VF)i(t) at the ?oating gate 
32 during i-th threshold voltage level programming, Which 
has a very small leakage current value due to a turn-off state 
(=a subthreshold state) of the channel at an initial stage of 
the programming operation. The turn-off state is maintained 
as the programming proceeds until the turn-on of the chan 
nel such that the current value increases. When the increased 
current value ID>i(t) reaches the reference current IREF of the 
current detector 43, the current detector 43 generates the 
programming stop signal VST. 

[0072] FIGS. 5A~5H illustrate diagrams shoWing Wave 
forms at different nodes of FIG. 4, and FIG. 6 illustrates a 
?oWchart of a single or multi-level threshold voltage pro 
gramming process for an N-type FET in accordance With the 
present invention. Prior to the programming operation, the 
cell is under an erased state, and the erased state may be the 
highest threshold voltage level. As can be appreciated, a P 
type FET having a P type channel formed on an n type 
substrate may be assumed. In such a case, the same opera 
tion can be performed With opposite polarities of the applied 
voltages, and the corresponding node and threshold voltages 
are opposite from the N-type FET. 
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[0073] Upon application of an eXternal programming start 
signal Ps for single or multi-level programming, a positive 
voltage Ps for the i-th level programming is applied to the 
control gate 33, as shoWn in FIG. 5A. Simultaneously, the 
current detector 43 is set up for verifying a variation of 
charge amount at the ?oating gate 32. Concurrent With the 
application of the programming start signal Ps (FIG. 5A), a 
positive voltage VPS (FIG. 5B) and a negative voltage Vc)i 
(FIG. 5C) are applied from the ?rst voltage source 39 and 
the second voltage source 40 to the control gate 33 and the 
program/select gate 31, respectively. Accordingly, a tunnel 
ing voltage Vtun>i(t) eXists betWeen the program/select gate 
31 and the ?oating gate 32, and negative charges from the 
?oating gate 32 are transferred by tunneling to the program/ 
select gate during the i-th threshold voltage level program 
ming. 

[0074] Simultaneously or after the application of the volt 
ages Vc)i and VPS to the control gate 33 and the program/ 
select gate 31 respectively, the drain voltage VD and the 
source voltage VS are applied to the drain 37 and the source 
36 from the third voltage source 41 and the fourth voltage 
source 42, respectively, and the current detector 43 is 
activated. Upon application of the voltages VOA, VPS and VD 
to the control gate 33, the program/select gate 31 and the 
drain 37, respectively, a voltage VF)i(t), as shoWn in FIG. 5D, 
on the ?oating gate 32 changes during the i-th threshold 
voltage level programming. The voltages Vc)i and VPS have 
appropriate potentials so that an initial ?oating gate voltage 
VF)i turns off the channel region 38 of the FET, i.e., the initial 
?oating gate voltage VF)i(t) is loWer than the threshold 
voltage VFTH at the ?oating gate 32. 

[0075] Accordingly, there is no current ?oW through the 
drain 37 at the initial stage. As the programming operation 
proceeds, electrons are transferred, e.g., extracted, from the 
?oating gate 32 to the program/select gate 31, to increase the 
?oating gate voltage VF)i(t). When the ?oating gate voltage 
reaches the threshold voltage VFTH as shoWn in FIG. 5D, the 
current ID>i(t), shoWn in FIG. 5E, ?oWs through the drain 37. 
The current detector 43 monitors this drain current value 
ID)i(t) during the i-th threshold level programming. When 
the drain current ID>i(t) reaches a predetermined value IREF, 
shoWn in FIG. 5E, the i-th threshold voltage level program 
ming operation is completed, and a programming stop signal 
VST, shoWn in FIG. 5F, is generated. 

[0076] The monitoring of the current ID>i(t) at the drain by 
the current detector 43 is equivalent to monitoring the 
variation of voltage or charge amount at the ?oating gate 32, 
Which is eXtracted from the ?oating gate 32 to the program/ 
select gate 31 during the programming operation, as shoWn 
in FIG. 5D. Similarly, the monitoring of the current ID>i(t) 
may be equivalent to a monitoring of a conductivity in the 
channel region 38. 

[0077] When the programming stop signal VST is applied 
to the ?rst and second voltage sources 39 and 40, the ?rst 
and/or second voltage sources 39 and 40 stop the application 
of a negative voltage Vc)i and a positive voltage Vp5 to the 
control gate 33 and the program/select gate 31, respectively. 
In other Words, once the current ID)i(t) is detected to be equal 
to or higher than the reference current at time t=tp>i, the i-th 
threshold voltage level programming is completed. There 
fore, the time tp)i represents the time for programming i-th 
threshold level in the cell. 
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[0078] As shown in FIG. 5E, When the drain current ID>i(t) 
reaches the reference current IREF, the ?oating gate voltage 
reaches a reference voltage VFREF corresponding to the 
reference current IREF. The threshold current ITH is set to a 
value corresponding to the threshold voltage VFTH at the 
?oating gate 32, Which is determined in advance during the 
fabrication of a nonvolatile memory. Since the storage ?eld 
effect transistor 34 for verifying includes the ?oating gate 32 
and the source 36, as shoWn in FIGS. 3A~3C, the threshold 
voltage VFTH actually corresponds to the threshold voltage 
of the channel region 38. 

[0079] FIG. 5H is a graph shoWing a variation of thresh 
old voltages VCTHJ1 and VCTHJ2 at the control gate 33 for the 
i-th threshold level of one and tWo, respectively. FIG. 5H 
also shoWs that the threshold voltage VCTH)1 at the control 
gate 33 changes, e.g., decreases, as the order of the level 
varies, e.g., decreases, during the multi-level programming, 
Which can be done by varying, e.g., decreasing, the voltage 
Vc)1 during programming. The ?rst and second level pro 
gram times tR1 and tP)2 are different because the variations of 
the control gate voltage Vc)i and threshold voltage VCTH)i of 
the respective threshold voltage levels are different. 

[0080] FIG. 5G is a graph shoWing charge amount varia 
tions at the ?oating gate 32 from an initial charge amount 
QF,O(0) to (1) the Charge amount QF,1(tP,1) at the time When the ?rst 
threshold voltage level programming is completed, and the Charge 

amount QF)2(tP)2) at the time When the second threshold 
voltage level programming is completed. When the voltages 
VF>1(t) and VF>2(t) at ?oating gate 32 reach the reference 
voltage VFREF, corresponding to the reference current 
IREF(t=tP)1, t=tP)2), the charge amount at ?oating gate 32 is 
decreased from the initial amount QF)0(0) to amount QE1(tP) 
1) and to amount QF>2(tP>2), respectively. After the comple 
tion of the programming operation, values of the charge 
amount QF>1(tP>1), QF>2(tP)2), etc. are maintained in the ?oat 
ing gate 32 to induce the programmed threshold voltage 
level on the control gate 33. 

[0081] FIGS. 5A-5F also illustrate the programming and/ 
or veri?cation method for I-th threshold voltage program 
ming When I= 1 and 2. As shoWn in FIG. 5B, control gate 
voltages VQ1=V and VC)Z=V—AV are applied during the ?rst 
and second (I=1 and 2) threshold level programming. Due to 
the different voltages applied at the control gate 33, the 
voltages VF>1(t) and VE2(t) at the ?oating gate 32 rise at 
different rates. The currents ID>1(t) and ID>2(t) remain at 
about Zero until the voltage VF)1(t) and VF)2(t) at the ?oating 
gate 32 reaches the threshold voltages VFTH. As the voltages 
VF)1(t) and VF)2(t) continue to increase, the currents ID)1(t) 
and ID>2(t) increase to IREF, and the stop signals VST)1 and 
VST’2 are generated When ID>1(tP)1) and ID>2(tP>2) equal IREF. 

[0082] As shoWn in FIGS. 5D and 5E, the programming 
stop signal is generated When the currents ID>1(tP>1) and 
ID)2(tP)2) equal IREF. The time period t depends on the 
programming characteristics of the given device. 

[0083] Further, as can be appreciated, the reference cur 
rent IREF (or reference voltage VREF) may be the threshold 
current ITH (or threshold voltage VFTH) or any arbitrary 
value greater than the threshold current ITH. 

[0084] Referring to FIG. 7A, the relationship betWeen the 
voltage Vc)i applied from the ?rst voltage source 39 to the 
control gate 33 and the threshold voltage of the correspond 
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ing level, Which is a signi?cant result of the present inven 
tion, Will be explained. FIG. 7A illustrates a capacitance 
equivalent circuit of the nonvolatile memory shoWn in FIG. 
3. In FIG. 7A, the label Cc represents the capacitance 
betWeen the control gate 33 and the ?oating gate 32, the 
label Cp5 represents a capacitance betWeen the program/ 
select gate 31 and the ?oating gate 32, the label CD repre 
sents the capacitance betWeen the drain 37 and the ?oating 
gate 32, the label CS represents the capacitance betWeen the 
source 36 and the ?oating gate 32 and the label CB represents 
the capacitance betWeen the substrate and the ?oating gate 
32. 

[0085] Sum CT of those capacitances can be expressed by 
the folloWing equation (1): 

CT=CC+CPS+CD+CS+CB (1) 
[0086] The coupling coef?cients of the respective capaci 
tances are de?ned by the folloWing equations (2): 

0lEFCB/Cr (2) 

[0087] For convenience, the substrate and source voltages 
are assumed to be ground voltages, and the capacitances CS, 
CB and coupling coefficients as and otB can be ignored. The 
voltage at ?oating gate 32 during programming can be 
expressed by the folloWing equation (3): 

vgmanwp. peoeveo <3) 
[0088] Where QF(t) represents an amount of charges at the 
?oating gate 32. 

[0089] In programming and/or veri?cation, the threshold 
voltage VcTH(t) at the control gate 33, induced by amount of 
charge carriers at the ?oating gate 32, is de?ned by the 
folloWing equation (4): 

QFU) (4) 
Cc 

[0090] As indicated in equation (4), the threshold voltage 
VCTH(t) is a threshold voltage shift induced by charge 
amount QF at the ?oating gate 32 measured at the control 
gate 33 at time t. The threshold voltage shift refers to a 
threshold voltage measured at the control gate 33, Which is 
caused by the charges accumulated at the ?oating gate 32. 

[0091] The threshold voltage VFTH at the ?oating gate 32 
is an inherent threshold voltage of the storage ?eld effect 
transistor consisting of the ?oating gate 32, source 36, and 
drain 37 as shoWn in FIG. 3, Which is dependent on 
manufacturing conditions, such as channel ion implantation 
and thickness of a gate insulator in fabricating the nonvola 
tile memory cell of FIG. 3. Therefore, the threshold voltage 
VFTH of the ?oating gate 32 is alWays a constant. HoWever, 
threshold voltage VcTH at the control gate 33 is dependent 
on a amount of charge QF at the ?oating gate 32. 

[0092] Each programming and/or veri?cation operation of 
each level is halted When the voltage VF(t) at the ?oating 
gate 32 reaches the reference voltage VFREF at the ?oating 
gate 32 (for example, the threshold voltage VFTH or an 
arbitrary reference voltage VFREF). When the drain voltage 
VD is constant, the level of current ?oW ID(t) is dependent 
on the voltage at the ?oating gate 32, and has a one to one 
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relationship With the voltage VF)i at the ?oating gate 32. 
Accordingly, the programming and/or veri?cation stop time 
point for each level corresponds to the time When the current 
ID(t) reaches the reference current IREF. Therefore, in each 
threshold voltage level programming and/or veri?cation, the 
voltage VF(tP) of the ?oating gate 32 at the completion time 
of programming and/or veri?cation completion for each 
level can be expressed by the folloWing equation (5): 

VF(IP)=VFREF=O"C[VC_VCTHUPIIT'Q-PSVPST'QDVDOP) (5) 
[0093] Rearranging the equation (5) With regard to the 
voltage Vc applied from the ?rst voltage source 39 to the 
control gate 33, the folloWing equation (6) is given: 

[0094] Where V1 is de?ned as: 

V1: apsvps + 11D VD - v5” (7) 

11c 

[0095] If the three parameters of the program/select gate 
voltage Vps, drain voltage VD and reference voltage VFREF 
are adjusted to make the V1 a ?xed constant at the comple 
tion time of each level programming and/or veri?cation, the 
relationship of the control gate voltage Vc)i and the threshold 
voltage VCTH)i is linear to each other. 

[0096] One of the Ways of making the voltage V1 a ?xed 
constant is to make each of the program/select gate voltage 
Vps, the drain voltage VD and the reference voltage VFREF a 
?xed constant for each threshold voltage level programming 
and/or veri?cation. Making the reference voltage VFRF 
constant is the same With making the reference current IREF 
constant. HoWever, as can be noted in equation (5), the 
values of each of the program/select gate voltage Vp5 and the 
drain voltage VD can be constant if their values are the same 
at the completion time of each level programming and/or 
veri?cation. In other Words, although the program/select 
gate voltage Vp5 and the drain voltage VD may be variables 
dependent on time, the object of the present invention can be 
achieved if the voltages VD and Vp5 at the completion time 
of each level programming and/or veri?cation are the same. 
As shoWn from equation (5), the control gate voltage Vc)i at 
each i-th level also can be a variable dependent on time. In 
such a case, the voltage Vc in equation (5) is a value at the 
completion time of each level programming and/or veri? 
cation. 

[0097] By making V1 a constant for each level program 
ming, the control gate voltage Vc)i required for i-th threshold 
level programming can be expressed according to equation 
(6) as the folloWing: 

VCTHJ=VCJ+V1(Where i=0, 1, 2, 3, . . . , n-1) (s) 

[0098] As shoWn in equation (8), the threshold voltage 
levels to be programmed and the control gate voltages 
applied are linear With a slope of, e.g., 1, as shoWn in FIG. 
7B. According to equation (4), the charge amounts in the 
?oating gate 32 are also linear With respect to the control 
gate voltages. 

Jun. 21, 2001 

[0099] Since the voltage V1 is a constant as mentioned 
above, a shift AVG)i of the voltage applied to the control gate 
33 during a multi-level programming can be expressed 
directly in the folloWing equation (9): 

[0100] From equations (8) and (9), it can be shoWn that a 
shift of a threshold voltage level VCTH)i to be programmed 
can be accurately controlled by a shift of the control gate 
voltage Vc)i in single or multi-level programming and/or 
veri?cation. It can be shoWn that the control gate voltage 
becomes the threshold voltage When the constant shoWn in 
the equation (7) is set to Zero. 

[0101] The folloWing tWo methods for monitoring a pro 
gramming in case the above conclusion may be applicable to 
the programming of a nonvolatile memory. 

[0102] The ?rst method is a channel ON-TO-OFF method 
in Which the channel is turned on at an initial stage of the 
programming to cause the greatest amount of drain current 
to ?oW. The charge carriers, e.g., electrons are injected into 
the ?oating gate during the programming and/or veri?cation 
operation to cause the ?oating gate voltage to decrease With 
subsequent decrease of the drain current until the drain 
current reaches a predetermined reference current. 

[0103] The second method is a channel OFF-TO-ON 
method, Which is opposite to the channel ON-TO-OFF 
method, in Which voltages are applied to each electrode for 
not only turning off the channel 38 at an initial stage of a 
programming operation, i.e., for causing the ?oating gate 
voltage to be loWer than the ?oating gate threshold voltage 
VFTH, but also for causing the charge carriers, such as 
electrons, to be transferred from the ?oating gate 32 to the 
program/select gate 31. As the programming proceeds, the 
voltage in the ?oating gate rises to reach a voltage higher 
than the ?oating gate threshold voltage VFTH at the end 
When the channel is turned on. A stop point of the program 
ming may be a moment When the channel is turned on or 
may be any arbitrary time after the turn on. In other Words, 
the reference current IREF may be the threshold current, or 
may be any arbitrary value greater than the threshold current 
ITH, as discussed above. 

[0104] For multi-level programming and/or veri?cation 
operation, as the control gate voltages, Which corresponds to 
each of the threshold voltage levels, are varied, each of the 
initial ?oating gate voltages VF)i(t=0) of each level program 
ming also are varied, Which is shoWn Well in FIG. 7B. For 
each level programming and/or veri?cation, the VFREF(or 
IREF) is a constant, and the Vc)i decreases as the i-th level 
changes, e.g., goes to a higher order. The drain current 
before the turn-on is substantially Zero, and the turn on point 
and the programming and/or veri?cation completion point 
are dependent on characteristics of a transistor, Which is 
shoWn in FIG. 7C. 

[0105] The present invention is related to the aforemen 
tioned OFF-TO-ON method, and a neW nonvolatile memory 
cell, device and memory array to Which the OFF-TO-ON 
method can be applicable With ease. In comparison to the 
ON-TO-OFF method, the OFF-TO-ON method has a very 
small poWer consumption. When an ON moment corre 
sponding to the threshold voltage is detected as the pro 
gramming stop point, a sense ampli?er may be implemented 
very simply. 










