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PROGRAMMABLE IMPEDANCE DEVICE 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to the ?eld of inte 
grated circuits, and more speci?cally to techniques and 
devices for programmable impedance. 

[0002] The age of information and electronic commerce 
has been made possible by the development of semiconduc 
tor technology and integrated circuits. Integrated circuits are 
sometimes referred to as “chips.” Integrated circuits have 
been Widely adopted and are used in many products in the 
areas of computers and other programmed machines, con 
sumer electronics, telecommunications and networking 
equipment, industrial automation, and medical instruments, 
just to name a feW. Integrated circuits are the foundation of 
the internet and other on-line technologies including the 
World Wide Web 

[0003] There is a continuing demand for electronic prod 
ucts that are easier to use, more accessible to greater 
numbers of users, provide more features, and generally 
address the needs of consumers and customers. Integrated 
circuit technology continues to advance rapidly. With neW 
advances in technology, more of these needs are addressed. 
Furthermore, neW advances may also bring about funda 
mental changes in technology that profoundly impact and 
greatly enhance the products of the future. 

[0004] The building blocks of an integrated circuit are 
electrical and electronic elements. These elements include 
transistors, diodes, resistors, and capacitors. There may be 
many numbers of these elements on a single integrated 
circuit. Improvements in the electrical elements and the 
development of neW types of electrical elements Will 
enhance the performance, functionality, and siZe of the 
integrated circuit. As an eXample, a basic electrical property 
used in an integrated circuit is resistance (also knoWn as 
“impedance”). In fact, the operation of every integrated 
circuit is affected to some eXtent by on-chip electrical 
resistance. Resistors and other resistive elements are used in 
the implementation of many circuits on an integrated circuit. 

[0005] As can be appreciated, there is a need to provide 
techniques and devices for implementing a programmable 
impedance device. 

SUMMARY OF THE INVENTION 

[0006] The present invention provides techniques and 
devices for implementing a programmable impedance ele 
ment. An impedance of the programmable impedance ele 
ment is adjusted by appropriately con?guring the element. 
The programmable impedance element has a range of 
impedance values, and is con?gurable to be a value Within 
this range. 

[0007] In an embodiment, the programmable impedance 
element includes a ?oating gate memory cell and a pro 
grammable impedance device. The ?oating gate memory 
cell is programmed by hot electrons or FoWler-Nordheim 
tunneling, Which adjusts threshold voltages of the memory 
cell and the programmable impedance device. The imped 
ance of the programmable impedance device is directly 
related to a programmed threshold voltage of the ?oating 
gate memory cell. The programmable impedance device is 
nonvolatile, and retains its value inde?nitely. 
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[0008] The ?oating gate memory cell may be an EEPROM 
or Flash transistor. The memory cell and programmable 
impedance device may be n-channel or p-channel devices. 
Furthermore, they may be both the same device type, or 
different device types. In an implementation, a control gate 
may be shared betWeen the memory cell and programmable 
impedance device. In other con?gurations, there may be tWo 
independent control gates. In further con?gurations, the 
memory cell may have a control gate, and the resistor 
element does not have a control gate. A?oating gate may be 
shared betWeen the memory cell and programmable imped 
ance device. 

[0009] Various techniques may be used to con?gure the 
programmable impedance element. For eXample, the 
memory cell may be programmed by applying a range of 
programming voltages VPP to a control gate. Another tech 
nique is to apply a varying number of pulses of a particular 
VPP voltage. These pulses may be applied to the control gate 
or the bit line of the memory device. Erase by FoWler 
Nordheim tunneling can also be used to adjust the threshold 
voltage. 
[0010] Another aspect of the present invention is the use 
of a multilevel memory cell to form a programmable imped 
ance device. The programmable impedance device of the 
present invention may be coupled in series or parallel, and 
combinations of these, to form a programmable impedance 
netWork. 

[0011] In another embodiment, the present invention is a 
circuit including a memory device coupled betWeen a bit 
line and a source line. Aprogrammable impedance device is 
coupled to the memory device, Where an impedance betWeen 
a ?rst terminal and a second terminal of the programmable 
impedance device is con?gurable to be one of at least three 
different values depending on a con?gured state of the 
memory device. Moreover, a relationship betWeen the level 
of the programming voltage applied to the memory device 
during programming and the corresponding programmed 
threshold voltage of the memory device is approximately 
linear. 

[0012] In a further embodiment, the present invention is a 
programmable impedance element including a memory cell 
comprising a ?oating gate, Where the memory cell is con 
?gurable to have more than tWo threshold voltages. A 
programmable impedance device has a ?oating gate shared 
With the ?oating gate of the memory cell, Where an imped 
ance of the programmable impedance device is based on a 
threshold voltage of the memory cell. The threshold voltage 
of the memory cell may be adjusted by varying a number of 
pulses of a programming voltage applied at a control gate or 
bit line of the memory cell. Alternatively, the threshold 
voltage of the memory cell may be adjusted by varying the 
magnitude of the programming voltage applied to the con 
trol gate of the memory cell. 

[0013] A still further aspect of the present invention is a 
method of selecting a value of an impedance on an inte 
grated circuit. Aprogramming voltage is applied to a ?oating 
gate memory device. The ?oating gate memory device is 
con?gured to have a programmed threshold voltage that is a 
value betWeen a ?rst threshold voltage and a second thresh 
old voltage, inclusive. An impedance value is obtained for a 
programmable impedance device, coupled to the ?oating 
gate memory device, based on the threshold voltage of the 
?oating gate memory device. 
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[0014] Other objects, features, and advantages of the 
present invention Will become apparent upon consideration 
of the following detailed description and the accompanying 
draWings, in Which like reference designations represent like 
features throughout the ?gures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] FIG. 1 shoWs an electronic system; 

[0016] FIG. 2A shoWs a programmable impedance ele 
ment With control gates coupled together; 

[0017] FIG. 2B shoWs a programmable impedance ele 
ment having one control gate; 

[0018] FIG. 2C shoWs a programmable impedance ele 
ment implemented using p-channel devices With control 
gates coupled together; 

[0019] FIG. 2D shoWs a programmable impedance ele 
ment implemented using p-channel devices having one 
control gate; 

[0020] FIG. 3 shoWs a simpli?ed layout of a roW con 
?guration of programmable impedance elements; 

[0021] FIG. 4 shoWs a simpli?ed layout of a column 
con?guration of programmable impedance elements; 

[0022] FIG. 5 shoWs a layout of a programmable imped 
ance element; 

[0023] FIG. 6 shoWs a graph of the relationships betWeen 
threshold voltage and resistance and the applied control 
gate; 

[0024] FIG. 7 shoWs a programmable impedance netWork 
having series and parallel combinations of elements; 

[0025] FIG. 8 shoWs a bias voltage generator imple 
mented using programmable impedance elements; and 

[0026] FIG. 9 shoWs a delay element having a program 
mable delay. 

DESCRIPTION OF THE SPECIFIC 
EMBODIMENTS 

[0027] The present invention may be used in the imple 
mentation of electronic devices and systems such as shoWn 
in FIG. 1. FIG. 1 shoWs an electronic system 101 With a 
controller 105, transducer 110, user-input device 115, dis 
play 120, playback device 125, digital signal processor 
(DSP) 130, analog-to-digital converter 135, digital-to-ana 
log converter 140, digital storage 145, analog storage 150, 
and disk storage 155. These components may all be present 
in the same electronic system. Alternatively, an electronic 
system may contain any combination of the components 
shoWn. For example, an electronic system such as a com 
puter may include a controller (e.g., microprocessor, com 
puter motherboard), display, disk storage, display, and user 
input device. The components of the electronic system are 
coupled together using interconnection facility 160. 
Examples of an interconnection facility include a Wire, 
system bus, netWork, the internet, and others. 

[0028] An example of an integrated circuit Where the 
present invention may be used is described in US. provi 
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sional patent application number No. 60/091,326, ?led Jun. 
30, 1998, incorporated herein by reference in its entirety for 
all purposes. 

[0029] FIG. 2A shoWs an embodiment of a single pro 
grammable impedance element 204 of the present invention. 
FIG. 2A shoWs a memory cell 210 and programmable 
impedance device 230. Memory cell 210 has a bit line (BL) 
240, source line (SL) 245, control gate (CG) 248, and 
?oating gate (FG) 251. 

[0030] Memory cell 210 may be implemented using a 
?oating gate transistor such as an EPROM cell, EEPROM 
cell, or Flash cell. Memory cell 210 may be an n-channel or 
NMOS device. Memory cell 210 may be a p- channel or 
PMOS device. Furthermore, memory cell 210 may be an 
analog memory cell or a multilevel memory cell. The 
memory cell may be referred to as an “analog” memory cell 
since the memory cell can store a relatively large range of 
analog values. For example, the memory cell may be pro 
grammed to have a plurality of threshold voltage (VT) 
levels. These analog values may have discrete steps such as, 
for example, 10-millivolt steps. In other embodiments, the 
analog values may be continuous. Although a memory cell 
may store an analog value (or digital value), a degree of 
precision for such a memory cell may be quanti?ed by the 
number of discrete steps the memory cell can store. Higher 
resolutions may be limited by the electron’s charge, leakage 
to and from the storage device, and accuracy due to other 
circuitry. 
[0031] In a relatively basic embodiment of the present 
invention, a memory cell Will be con?gurable to have at least 
three different threshold voltage levels. In further embodi 
ments of the present invention, the memory cell is con?g 
urable to be one of more than tWo threshold voltages, Where 
the greater number of possible threshold voltages permits a 
more ?exible programmable impedance device. Taking into 
consideration current technology, memory cells having 4, 8, 
16 and 24 different threshold voltage levels are easily 
implemented. Moreover, memory cells storing 28 or 256 
levels are practical, and may be implemented using circuitry 
such as described in US. provisional patent application No. 
60/091,326 and US. Pat. No. 5,694,356, Which are incor 
porated herein by reference in its entirety for all purposes. 
Circuitry and techniques other than those described in US. 
provisional application No. 60/091,326 and US. Pat. No. 
5,694,356 may also be used to permit such multilevel 
storage. Other embodiments of the present invention may 
have even greater numbers of levels, especially taking into 
consideration the relatively rapid advances in technology. 

[0032] Programmable impedance device 230 has a ?rst 
terminal 254 and second terminal 257. Programmable 
impedance device 230 shares control gate 248 and ?oating 
gate 251 With memory cell 210. In other implementations, 
the programmable impedance device may have a separate 
control gate from the memory cell. By providing a separate 
control gate for the programmable impedance device, this 
permits additional ?exibility in the con?guration and opera 
tion of the device. For example, during normal operation, a 
bias voltage may be provided to the programmable imped 
ance device to adjust its value, Without similarly affecting 
the memory cell. 

[0033] The programmable impedance device may be 
referred to as a “programmable resistor,” although this 
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device is not necessarily implemented using a resistor. In 
fact, in a speci?c embodiment, programmable impedance 
device 230 is implemented using a transistor Where there is 
a resistance or impedance betWeen terminals 254 and 257. 
Programmable impedance device 230 may be implemented 
using an n-channel or p-channel transistor structure. Alter 
natively, programmable impedance device 230 may be a 
?oating gate transistor such as an EPROM cell, EEPROM 
cell, or Flash cell. 

[0034] The programmable impedance device Will be con 
?gurable to have one of a plurality of impedance values. The 
impedance of programmable impedance device 230 is based 
on a programmed state of memory cell 210. Consequently, 
programmable impedance device 230 may have as many 
possible, different values as memory cell 210 has different 
threshold voltage levels. For example, if the memory cell 
has 256 levels, the programmable impedance device can be 
expected to have at most 256 different impedance values. 

[0035] FIGS. 2B, 2C, and 2D shoW further embodiments 
of the present invention. FIG. 2B shoWs a programmable 
impedance element 204B Where programmable impedance 
device 230B does not have a control gate. The program 
mable impedance element in FIG. 2B is operationally 
similar to that in FIG. 2A. The control gate for memory cell 
210B alloWs con?guring of ?oating gate 251B, Which is 
shared betWeen memory cell 210B and programmable 
impedance device 230B. Reference numbers 204B-254B in 
FIG. 2B correspond to like features With reference numbers 
204-254 in FIG. 2A. 

[0036] FIG. 2C shoWs an embodiment of the present 
invention Where both memory cell 210C and programmable 
impedance device 230C are p-channel devices. Operation 
ally, taking into consideration the differences betWeen 
p-channel and n-channel devices, programmable impedance 
element 204C operates similarly to programmable imped 
ance element 204 (in FIG. 2A). Reference numbers 204C 
254C in FIG. 2C correspond to like features With reference 
numbers 204-254 in FIG. 2A. In this embodiment, memory 
cell 210C and programmable impedance device 230C have 
control gates coupled together, similar to the con?guration 
in FIG. 2A. 

[0037] FIG. 2D shoWs an embodiment of the present 
invention Where both memory cell 210D and programmable 
impedance device 230D are p-channel devices. Operation 
ally, taking into consideration the differences betWeen 
p-channel and n-channel devices, programmable impedance 
element 204D operates similarly to programmable imped 
ance element 204 (in FIG. 2A) and in particular, program 
mable impedance element 204B (in FIG. 2B). Reference 
numbers 204D-254D in FIG. 2D correspond to like features 
With reference numbers 204-254 in FIG. 2A. In this embodi 
ment, memory cell 210D has a control gate, and program 
mable impedance device 230D does not have a control gate. 

[0038] Other embodiments of the present invention 
include implementations Where the memory cell 210 and 
programmable impedance device 230 are different device 
types. For example, memory cell 210 is NMOS While 
programmable impedance device 230 is PMOS, or vice 
versa. 

[0039] A number of programmable impedance elements 
204 may be arranged in various structure and organiZations 
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on an integrated circuit. For example, the programmable 
impedance element may be organiZed in arrays of roWs and 
columns. Some implementations of these arrays of program 
mable impedance elements may be relatively small in siZe to 
facilitate ease of making interconnections from the resistors. 
For example, the array siZe may be 2x2, 3x3, 2x3, or 3x4, 
as Well as other dimensions. 

[0040] The programmable impedance element may be 
implemented in a single roW con?guration or a single 
column con?guration. FIG. 3 shoWs a simpli?ed layout for 
a roW of three programmable impedance elements. There are 
three BL lines and SL lines, and three resistances R1, R2, and 
R3. The programmable impedance elements share a com 
mon CG line. The resistances R1, R2, and R3 may be 
programmed independently of each other. 

[0041] FIG. 4 shoWs a simpli?ed layout for a column of 
three programmable impedance elements. There are three 
control gate lines, CGl, CG2, and CG3. Each control gate 
line is associated With a respective resistance, R1, R2, or R3. 
The column of programmable impedance elements shares 
common BL and SL lines. 

[0042] FIGS. 3 and 4 shoW implementations using the 
programmable impedance element of FIG. 2A. HoWever, 
other implementations of the layout in FIGS. 3 and 4 may 
also use the programmable impedance elements of FIGS. 
2B, 2C, or 2D, and combinations of these various program 
mable impedance elements. 

[0043] A roW or column of impedance elements may be 
implemented as a roW or column in an array of other devices 
(e.g., other than programmable impedance elements of the 
present invention). For example, in an array of EEPROM or 
Flash cells, there may be a roW or column of programmable 
impedance elements integrated With the EEPROM or Flash 
array. This roW or column may be in the interior or at an edge 
of the EEPROM or Flash array. 

[0044] FIG. 5 shoWs an example of a layout of a pro 
grammable impedance element of FIG. 2. There is a ?rst 
diffusion region 510 and second diffusion region 520. A 
?oating gate 530 traverses both the ?rst and second diffusion 
regions. A control gate 540 runs on top of the ?oating gate 
(forming sort of a “sandWich” structure). A memory cell 
transistor (e.g., memory cell transistor 210 of FIG. 2) is 
formed by an intersection 550 of the control gate and the ?rst 
diffusion. A programmable impedance device (e.g., pro 
grammable impedance device 230 of FIG. 2) is formed by 
an intersection 560 of the control gate and the second 
diffusion. 

[0045] Variations in the layout may be used to adjust the 
resistance of the programmable impedance device. For 
example, the Width of diffusion 520 may be adjusted to vary 
the resistance of the programmable impedance device. For 
example, as diffusion 520 becomes Wider, the resistance Will 
decrease. Also, as the Widths of control gate 540 and ?oating 
gate 530 increase, the resistance of the programmable 
impedance device Will increase. 

[0046] Furthermore, other dimension of the layout may be 
varied. For example, a distance 570 betWeen the tWo diffu 
sion regions may be extended to any length as needed, 
Without affecting the operation of the programmable imped 
ance element. The length may be 2 microns, 3 microns, 5 
microns, 8 microns, 10 microns, 15 microns, or other lengths 
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including those greater than 15 microns. It may be desirable 
to separate the memory cell from the programmable imped 
ance device Which may be placed closer to circuitry making 
use of the device’s impedance. The layout space required for 
the programmable resistance may be the same or nearly the 
same space for resistors varying over the Wide impedance 
range of the programmable impedance element. 

[0047] There are various embodiments of the program 
mable impedance element of the present invention. In one 
embodiment of FIG. 2, both memory cell 210 and program 
mable impedance device 230 are n-channel type devices. 
Memory cell 210 is a ?oating gate device Where its VT may 
be adjusted by programming and erase. Programming adds 
electrons to the ?oating gate, While erase removes electrons 
from the ?oating gate. Programming may be by channel 
hot-electron injection, FoWler-Nordheim tunneling, or other 
mechanisms. Erase may be by FoWler-Nordheim tunneling, 
exposure to ultraviolet light, or other mechanisms. 

[0048] As electrons are added to the ?oating gate through 
programming, the VT of memory cell 210 becomes higher. 
For example, the VT of the device may range from Zero volts 
(or a negative VT) to six volts or more. As electrons are 
removed from the ?oating gate through erase, the VT of the 
memory cell becomes loWer. Memory cell 210 is nonvola 
tile, Which means it retains its programmed state, even When 
poWer is removed from the circuitry. 

[0049] As the degree of programming of ?oating gate 251 
is varied (by altering the number of the electrons on the 
?oating gate), the impedance of programmable impedance 
device 230 also varies. In particular, the programming of 
memory cell 210 also alters the VT of programmable 
impedance device 230. Depending on its VT, the program 
mable impedance device Will have a particular impedance or 
resistance. Programmable impedance element 204 imple 
ments a controllable, programmable impedance that is vari 
able by programming and erase. Once programmed, pro 
grammable impedance element 204 maintains its impedance 
inde?nitely. A programmed state of programmable imped 
ance element 204 Will also be nonvolatile. 

[0050] A description of programming and erase circuitry 
that may be used With the programmable impedance element 
of the present invention may be found in US. Pat. No. 
5,694,356. 
[0051] Memory cell 210 may be programmed by hot 
electrons as folloWs. AVPP voltage is placed on CG 248 and 
a VPD voltage is placed at BL 240. SL 245 Will be grounded. 
The VPP voltage may be in a range from about 8 volts to 
about 12 volts, and the VPD voltage may be in a range from 
about 4 volts to about 7 volts. Under such circumstances, a 
programming current Will ?oW from BL 240 to SL 245. This 
programming current causes hot electrons. Some of the hot 
electrons jump a dielectric barrier (betWeen the channel and 
?oating gate), and become trapped in the ?oating gate. The 
number of electrons trapped in the ?oating gate determines 
the degree to Which memory cell 210 and programmable 
impedance device 230 are programmed. Consequently, the 
VTs of these devices Will be adjusted. After programming is 
completed, the programmable impedance device Will have 
the desired or target impedance selected by the program 
ming conditions. 

[0052] One programming approach is to vary the pro 
grammed impedance by varying a magnitude of the VPP 
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voltage applied to CG. For example, table AbeloW provides 
a listing of VPP voltage applied to CG (i.e., column labeled 
“Voltage Applied to CG”), the resulting VT voltage of 
programmable impedance device 230 (i.e., column labeled 
“VT (result)”), and the corresponding impedance. The volt 
ages given in table A are approximate values, and are 
provided to illustrate the general relationship betWeen the 
voltages and resulting programmed impedance. The precise 
voltages are technology and application dependent. For 
example, a “Window” of the impedance may be changed by 
adjusting an implant used on the programmable impedance 
device, or by changing the bias voltage applied to the CG 
during normal operation. 

TABLE A 

Voltage Applied 
to CG VT (result) Impedance 

8 2 5 X 103 
1O 4 1 X 104 
12 6 5 X 104 

[0053] The VPD voltage applied to BL Will typically be 
from about 4 volts to about 7 volts. There is a relationship 
betWeen the VPD voltage and the resulting VT and pro 
grammed impedance; hoWever this is a relatively Weak 
relationship, especially in comparison to the VCG voltage 
relationship. Generally, there is relatively poor control of the 
VT and impedance by using the VPD voltage. As a conse 
quence, it is generally desirable to select a VPD voltage that 
is loWer as this tends to reduce any disturb problems. Disturb 
problems include the altering of a stored state of a program 
mable impedance device other than the programmable 
impedance device intended to be programmed. It is expected 
as technology improves, the required VPD (to generate the 
programming current) may even become loWer than 4 volts. 

[0054] The programming time is the time the voltage 
conditions are applied to the appropriate nodes. For the 
above approach, the programming time is approximately the 
same. In other Words, the programming voltages are applied 
for a certain amount of time, and this time is approximately 
the same regardless of the applied voltages. For example, the 
programming pulse Width of VPP may be 20 microseconds. 
A range for the programming time may be anyWhere from 
less than 1 microsecond to 10 milliseconds, or even more. 

[0055] The relationship betWeen VCG voltage and VT is 
approximately a linear relationship. FIG. 6 shoWs a diagram 
of the VCG versus VT relationship (indicated by line 610). 
The relationship betWeen VCG and VT may be given 
approximately by the equation VT=(k*VCG)-C, Where k is 
a scaling factor and C is a constant de?ned by the process 
technology. In the speci?c embodiment described in table A 
and FIG. 6, k is 1 and C is 6, so VT=CG—6. 

[0056] The relationship betWeen VCG and the logarithm 
of the programmed impedance or R Will in general not be a 
linear relationship. This relationship is shoWn by curve 615 
of FIG. 6. HoWever, the relationship betWeen VCG and 
impedance may be approximately linear for a limited range 
of impedances. Good control can be obtained over the 
programmed impedance R over more than an order of 
magnitude of impedance range. 
[0057] Other techniques may be used to program the 
programmable impedance element of the present invention. 
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The techniques generally involve applying voltages to CG in 
a Way to obtain the desired target VT of the programmable 
impedance device. For example, a constant VPP voltage 
may be applied to CG or BL. Programming pulses of this 
VPP voltage of a certain duration are used. By controlling 
the number of pulses on CG, this Will determine the degree 
to Which the memory cell is programmed (and correspond 
ingly, the VT of the programmable impedance device). 

[0058] For example, a relationship betWeen the resulting 
programmed VT and number of programming voltage 
pulses may be de?ned by VT=VTO+n*I. VT is the resulting 
programmed threshold voltage; VTO is the threshold voltage 
of an unprogrammed or erased memory cell; n is the number 
of pulses; and I is a voltage increment factor. The value of 
I Will depend on the magnitude of the programming voltage 
and the Width of the programming pulse. For example, if I 
is 0.10 volts and VTO is 0 volts, 6 programming pulses 
Would result in a programmed threshold voltage of 0.60 
volts. 

[0059] A further technique for programming the program 
mable impedance element may be to ramp the CG voltage 
during programming until the desired VT is obtained. 

[0060] Erase of the programmable impedance element is 
accomplished using FoWler-Nordheim tunneling. A VEE 
voltage is in a range from about 8 volts to about 12 volts, and 
is a voltage applied to SL for erase. VEE is applied to SL, 
CG is grounded, and BL may be ?oating or ground. Under 
these conditions, electrons are attracted from the ?oating 
gate into a source of the memory cell. The programmable 
impedance element Will be erased, and have a minimum 
resistance value for this element. 

[0061] Furthermore, the erase mechanism may also be 
used to obtain the desired VT. For example, the amount of 
erasure of the programmable impedance element may be 
controlled by the time the VEE voltage is applied to SL. 
Very precise resistances may be obtained by a series of 
programming and erase operations on the programmable 
impedance element until the desired resistance is obtained. 
For example, a binary-search-type algorithm may be used to 
rapidly converge to the target resistance. 

[0062] To use a programmed impedance of FIGS. 2A-2D 
after programming, the impedance or resistance is coupled 
to by using terminals 254 and 257. A bias voltage may be 
applied to the control gate. Memory cell 210 is not used. BL 
240 and SL 245 may be grounded or set at another voltage. 

[0063] In another embodiment of the present invention, 
memory cell is 210 is an n-channel device and program 
mable impedance device 230 is a p-channel device. A 
?oating gate is shared betWeen the n-channel device and the 
p-channel device. The p-channel device Will be formed in an 
n-Well. The operation of this programmable impedance 
element is similar to What has been described above. 

[0064] As the ?oating gate becomes charged more nega 
tively by electrons, there becomes effectively a negative 
?oating gate voltage (VFG) on the ?oating gate Where there 
is no control gate bias voltage. In contrast to the case of an 
n-channel device, for a p-channel device, a negative VFG 
turns this device on. And as VFG becomes more negative, 
the p-channel device Will be turned on even stronger. There 
fore, the impedance becomes less as VFG becomes more 
negative. Hence, for this embodiment, a slope of the relation 
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betWeen VCG and impedance Will be negative. In compari 
son, the relationship betWeen programmed R and VCG in 
FIG. 6 has a positive slope. 

[0065] In a further embodiment of the present invention, 
both memory cell 210 and programmable impedance device 
230 are n-channel devices. A threshold voltage (VT) of 
programmable impedance device 230 may be adjusted (or 
not adjusted) by the use of an n-type channel doping. The 
n-channel doping may be implanted into the channel by ion 
implantation. After adjusting the VT, programmable imped 
ance device 230 may be a depletion device or normally “on” 
type device. In such an embodiment, maximum conduction 
is obtained With an unprogrammed memory cell (e.g., VFG 
of approximately 0 volts). In such a case, more negative 
?oating gate voltages Will result in greater impedance. 

[0066] In another embodiment, the programmable imped 
ance device is an enhancement type n-channel structure that 
is a Flash or EEPROM transistor itself. In such a case, the 
programmable impedance device may have its oWn control 
gate, separate from a control gate of the memory cell. There 
Would be tWo control gates in such an embodiment, and tWo 
control gates Would alloW separate control for programming 
and normal operation of the memory cell and programmable 
impedance devices. For example, during normal operation, 
the memory cell may be biased independently from the 
programmable impedance device; this may alloW both 
devices to be used for independent purposes during normal 
operation. 

[0067] FIG. 7 shoWs a diagram of hoW multiple program 
mable impedance elements of the present invention may be 
combined to create a larger programmable impedance struc 
ture having a greater range of impedance values. FIG. 7 
shoWs programmable impedance elements Z1, Z2, and Z3. 
Each of these may be implemented using an element such as 
shoWn in FIG. 2. Elements Z1 and Z2 are connected in 
parallel betWeen nodes 701 and 715. Element Z3 is con 
nected in series With the parallel Z1 and Z2 elements. 

[0068] By Kirchhoff’s laWs, an impedance betWeen nodes 
710 and 715 is given by ( Z1*Z2/(Z1+Z2)). Further program 
mable impedance elements may be added in parallel, and the 
resulting impedance is similarly calculated. Therefore, the 
impedance betWeen nodes 710 and 715 may be program 
mable based on the combination of tWo programmable 
impedance elements of the present invention. 

[0069] An impedance betWeen nodes 710 and 720 is given 
by Z1*Z2/(Z1+Z2))+Z3). Additional programmable 
impedance elements may be added in series, and resulting 
impedance is similarly calculated. The impedance or resis 
tance betWeen nodes 710 and 720 may be “trimmed” or 
adjusted by varying programming the individual program 
mable impedance elements. 

[0070] There are many uses for a programmable imped 
ance or resistance on an integrated circuit. For example, 
many integrated circuits include resistor netWorks that may 
be trimmed by selectively connecting metal links. HoWever, 
these types of resistor netWorks generally do not alloW 
changes to be made to the resistance value after the resis 
tance value has been set. The programmable impedance of 
the present invention alloWs adjustments to be made, until an 
appropriate value is determined. As a further application, the 
programmable impedance elements of the present invention 
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may be used to implement a programmable delay line, Where 
the delay is varied depending on the impedance. For 
example, an RC network may be used as a delay network. 
Variations in impedance Will change the delay through the 
RC netWork. 

[0071] Moreover, programmable impedances are impor 
tant in implementing on-chip bias voltage generators. For 
example FIG. 8 shoWs programmable impedance elements 
Z4 and Z5 connected in series betWeen tWo voltage supply 
rails 810 and 820. For example, voltage supply 810 may be 
VDD and voltage supply 820 may be ground or VSS. The 
programmable voltage elements are used to generate a bias 
voltage VBIAS at a node 830. The value of VBIAS Will be 
((V81O—V82O)*Z5/(Z4+Z5)). V810 and V820 are the voltages at 
supply rails 810 and 820, respectively. Therefore, VBIAS 
may be adjusted to be a desired voltage by appropriately 
programming programmable impedances Z4 and Z5. Pro 
grammable impedance elements may also be added in 
parallel to Z4 or Z5, or both, to add additional ?exibility in 
the adjustment of VBIAS. 

[0072] FIG. 9 shoWs an example of a delay element 906 
for a programmable delay line. There is a programmable 
impedance element 26 and capacitor C. An input signal is 
input at VIN and a resulting delayed input signal is output at 
VOUT. The RC delay betWeen VIn and VOUT nodes Will be 
about Z6* C. Z6 is a programmable impedance element as 
discussed above, and examples of some speci?c implemen 
tations are shoWn in FIGS. 2A, 2B, 2C, and 2D. Z6 is a 
programmable impedance that is con?gurable to have an 
impedance value that Will give the desired RC delay. 

[0073] Z6 is a nonvolatile resistor. This alloWs retention of 
a previously stored RC delay value, even if poWer is 
removed from the integrated circuit. Upon poWer up of the 
integrated circuit, delay element 906 Will provide its con 
?gured delay. 
[0074] C is a capacitor, and may be implemented using 
any of the methods commonly used to form capacitors in an 
integrated circuit. For example, C may be purely a parasitic 
capacitance or intentional capacitance, or a combination of 
the tWo. In a speci?c implementation, C is formed using a 
transistor. 

[0075] Additional delay elements 906 may be chained 
together to create a longer time delay chain. 

[0076] This description of speci?c embodiments of the 
invention is presented for the purposes of illustration and 
description. It is not intended to be exhaustive or to limit the 
invention to the precise form described, and many modi? 
cations and variations are possible in light of the teaching 
above. The embodiments Were chosen and described in 
order to best explain the principles of the invention and its 
practical applications, thus enabling others skilled in the art 
to utiliZe and practice the invention in various embodiments 
and With various modi?cations as are suited to the particular 
use contemplated. It is intended that the scope of the 
invention be de?ned by the folloWing claims. 

What is claimed is: 
1. A circuit comprising: 

a memory device coupled betWeen a bit line and a source 

line; and 
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a programmable impedance device coupled to the 
memory device, Wherein an impedance betWeen a ?rst 
terminal and a second terminal of the programmable 
impedance device is con?gurable to be one of at least 
three different values depending on a con?gured state 
of the memory device. 

2. The circuit of claim 1 Wherein the memory device and 
programmable impedance device share a ?oating gate. 

3. The circuit of claim 1 Wherein the memory device is a 
?oating gate memory cell. 

4. The circuit of claim 1 Wherein the memory device is 
selected from the group consisting of p-channel ?oating gate 
transistors, n-channel ?oating gate transistors, Flash transis 
tors, EEPROM transistors, multilevel memory cells, and 
analog memory cells. 

5. The circuit of claim 1 Wherein the programmable 
impedance device is a p-channel device, n-channel device, 
MOS device, PMOS transistor, NMOS transistor, or deple 
tion device. 

6. The circuit of claim 1 Wherein the programmable 
impedance device is con?gurable to have at least 256 
different impedance values. 

7. The circuit of claim 1 Wherein the memory device is a 
Flash memory cell, con?gurable by hot election program 
ming. 

8. The circuit of claim 1 Wherein the impedance of the 
programmable impedance device increases as a pro 
grammed threshold voltage of the memory device increases. 

9. The circuit of claim 1 Wherein a programming voltage 
applied to a control gate of the memory device has an 
approximately linear relationship With a resulting pro 
grammed threshold voltage of the memory device. 

10. The circuit of claim 1 Wherein the memory device is 
con?gurable to have one of 256 different threshold voltages. 

11. A netWork comprising series or parallel interconnec 
tions of multiple instances of the circuit recited in claim 1. 

12. A voltage bias generator comprising a circuit as 
recited in claim 1. 

13. The circuit of claim 1 Wherein during a normal 
operation state, a bias voltage is applied to a control gate of 
the programmable impedance device to adjust the imped 
ance. 

14. Amethod of selecting a value of an impedance on an 
integrated circuit comprising: 

applying a programming voltage to a ?oating gate 
memory device; 

con?guring the ?oating gate memory device to have a 
programmed threshold voltage that is a value betWeen 
a ?rst threshold voltage and a second threshold voltage, 
inclusive; and 

obtaining an impedance value for a programmable imped 
ance device, coupled to the ?oating gate memory 
device, based on the threshold voltage of the ?oating 
gate memory device. 

15. The method of claim 14 Wherein a ?oating gate is 
shared betWeen the ?oating gate memory device and the 
programmable impedance device. 

16. The method of claim 14 Wherein a relationship 
betWeen a level of the applied programming voltage and the 
programmed threshold voltage is approximately linear. 
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17. The method of claim 14 wherein the ?rst threshold 
voltage is a threshold voltage of an unprogrammed ?oating 
gate memory device. 

18. A programmable impedance element comprising: 

a memory cell comprising a ?oating gate, Wherein the 
memory cell is con?gurable to have more than tWo 
threshold voltages; and 

a programmable impedance device sharing the ?oating 
gate, Wherein an impedance of the programmable 
impedance device is based on a threshold voltage of the 
memory cell. 

19. The programmable impedance element of claim 18 
Wherein the memory cell and programmable impedance 
device are n-channel devices or p-channel devices. 

20. The programmable impedance element of claim 18 
Wherein the threshold voltage of the memory cell is adjusted 
by a number of pulses of a programming voltage applied at 
a control gate of the memory cell. 

21. The programmable impedance element of claim 18 
Wherein the threshold voltage of the memory cell is adjusted 
by a number of pulses of a programming voltage applied at 
a bit line of the memory cell. 

22. The programmable impedance element of claim 18 
Wherein the memory cell is con?gurable to have one of at 
least 256 different threshold voltage levels. 

23. The programmable impedance element of claim 18 
Wherein the programmable impedance device is con?g 
urable to have at least 256 different impedance values. 
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24. A circuit comprising: 

a nonvolatile programmable impedance element coupled 
betWeen an input node and an output node, Wherein the 
nonvolatile programmable impedance element pro 
vides an impedance value selectable by con?guring a 
?oating gate; and 

a capacitor coupled betWeen the output node and a 
reference potential, Wherein the circuit provides a delay 
based on the impedance of the nonvolatile program 
mable impedance element. 

25. The circuit of claim 24 Wherein the nonvolatile 
programmable impedance element comprises a Flash cell, 
EPROM cell, or EEPROM cell. 

26. The circuit of claim 24 Wherein the capacitor is 
implemented using parasitic capacitance. 

27. The circuit of claim 24 Wherein the capacitor is 
implemented using a MOS transistor. 

28. The circuit of claim 24 Wherein the nonvolatile 
programmable impedance element comprises the circuit as 
recited in claim 1. 

29. The circuit of claim 24 Wherein the nonvolatile 
programmable impedance element comprises the circuit as 
recited in claim 18. 

30. The circuit of claim 24 Wherein the nonvolatile 
programmable impedance element comprises a multilevel 
memory cell or an analog memory cell. 

* * * * * 


