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(57) ABSTRACT 
Systems and methods are provided for a temperature-com 
pensated threshold voltage VT. The stability problems asso 
ciated With temperature changes are reduced for 
LL4TCMOS SRAM cells by providing a temperature-com 
pensated VTN. According to one embodiment, a tempera 
ture-based modulation of a VBB potential back-biases a 
triple-Well transistor With a temperature-compensated volt 
age to provide the pull-down transistor With a temperature 
compensated VTN that is ?at or relatively ?at With respect to 
temperature. One embodiment provides a bias generator, 
including a charge pump coupled to a body terminal of the 
transistor(s), and a comparator coupled to the charge pump. 
The comparator includes a ?rst input that receives a refer 
ence voltage, a second input that receives a VT-dependent 
voltage, and an output that presents a control signal to the 
charge pump and causes the charge pump to selectively 
charge the body terminal of the transistor to compensate for 
temperature changes. 
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SRAM ARRAY WITH 
TEMPERATURE-COMPENSATED THRESHOLD 

VOLTAGE 

TECHNICAL FIELD OF THE INVENTION 

[0001] This invention relates generally to Static Random 
Access Memory (SRAM) devices and, more particularly, to 
SRAM devices that utiliZe a loadless four transistor design. 

BACKGROUND OF THE INVENTION 

[0002] Manufacturers are designing smaller and more 
power ef?cient integrated circuits by improving CMOS 
processes and reducing device dimensions. Scaling is the 
process of modeling the changes in electrical behavior that 
result from reducing the device dimensions. In constant ?eld 
scaling, for example, the voltage is scaled doWn as the 
device dimensions are reduced. Maintaining proper circuit 
operation by maintaining the appropriate stability margin is 
a design concern as the voltage is decreased. Many of these 
integrated circuits include arrays of SRAM cells. Failure to 
maintain the appropriate stability margin in a SRAM cell 
may result in a failure to retain data in the cell, a change in 
the data state of the cell While reading, or in an accidental 
Write to the cell. 

[0003] SRAM cell designs have progressed from a four 
transistor SRAM cell illustrated in FIG. 1 and a six tran 
sistor SRAM cell illustrated in FIG. 2 to a loadless four 
transistor SRAM cell illustrated in FIG. 3. The four tran 
sistor SRAM cell or NMOS resistor load cell, hereinafter 
referred to as the 4-T SRAM cell, occupies a relatively small 
area, but the fabrication of the passive loads involves 
relatively complex steps. Additionally, the 4-T SRAM cell 
can inadvertently become monostable or read unstable rather 
than maintaining its bistable characteristics. This stability 
problem has caused the 4-T SRAM to lose favor in SRAM 
cell design during the past feW years. The six transistor 
SRAM cell, hereinafter referred to as the 6-T SRAM cell, is 
relatively stable and is able to operate at loWer supply 
voltages than the 4-T SRAM. HoWever, the 6-T SRAM cell 
is approximately 30% to 40% larger than the 4-T SRAM 
cell, and thus more expensive. 

[0004] The problems associated With the 4-T SRAM cell 
and the 6-T SRAM cell have led to the development of the 
loadless four transistor SRAM cell, hereinafter referred to as 
the LL4TCMOS SRAM cell. The LL4TCMOS SRAM cell 
comprises a pair of NMOS pull-doWn transistors and a pair 
of PMOS access transistors. The LL4TCMOS SRAM is 
relatively small, although it is not as small as the 4-T SRAM 
cell as it incorporates CMOS devices. HoWever, the 
LL4TCMOS SRAM cell design suffers from data retention 
and unintentional Write problems such as failures attribut 
able to the effects of leakage current and to the effects of 
noise. 

[0005] The fundamental loWer limit for the voltage scaling 
of the LL4TCMOS SRAM is dependent on the inherent 
transistor threshold voltage VTN drop for the NMOS pull 
doWn transistors in the design of the LL4TCMOS SRAM 
cell. The cell must have sufficient voltage to maintain the 
stability margin over the pull-doWn VTN. The pull-doWn 
VTN decreases With an increase in temperature at a rate of 
approximately —4 mV per degree C. for high substrate 
doping levels and —2 mV/degree C. for loW doping levels. 
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These temperature variations pose a stability problem for 
loW-voltage LL4TCMOS SRAM arrays. Ahigher pull-doWn 
VTN at loWer temperatures may provide a voltage drop that 
causes an unacceptably loW stability margin for an 
LL4TCMOS SRAM cell that is operating at a loW voltage; 
and a loWer pull-doWn VTN at higher temperatures increases 
leakage currents in the cell that can lead to data retention 
problems and yield loss. 

[0006] Therefore, there is a need in the art to provide a 
system and method that overcomes these problems. 

SUMMARY OF THE INVENTION 

[0007] The above mentioned problems are addressed by 
the present subject matter and Will be understood by reading 
and studying the folloWing speci?cation. The present subject 
matter provides a circuit With a transistor having a tempera 
ture-compensated threshold voltage, i.e. VT, and particularly 
provides a loW-voltage LL4TCMOS SRAM array of cells 
that include NMOS pull-doWn transistors With a tempera 
ture-compensated VTN. 
[0008] An increase in temperature signi?cantly increases 
the leakage current and decreases the VTN in a LL4TCMOS 
SRAM cell, Which causes signi?cant data retention prob 
lems for the cell. According to one embodiment of the 
present invention, each NMOS pull-doWn transistor com 
prises a triple-Well transistor, and the threshold voltage VT 
thereof is adjusted to compensate for changes in tempera 
ture. A temperature-based modulation of the VBB potential 
back-biases the P-Well of the triple-Well transistor With a 
temperature-compensated voltage to provide the pull-doWn 
transistor With a temperature-compensated VTN that is ?at or 
relatively ?at With respect to temperature. Thus, the 
LL4TCMOS SRAM cells that include a temperature-com 
pensated VTN Will maintain the appropriate margins of 
failure at loW-voltage operation over a range of tempera 
tures. 

[0009] One aspect of the present invention is a transistor 
body bias generator. One embodiment of the generator 
comprises a charge pump and a comparator. According to 
this embodiment, the charge pump is coupled to a body 
terminal of at least one triple-Well transistor, and the com 
parator is coupled to the charge pump. The comparator 
includes a ?rst input, a second input, and an output. The ?rst 
input receives a temperature-independent reference voltage. 
The second input receives a VT-dependent voltage from the 
transistor(s), and the output presents a control signal to the 
charge pump based on the comparison betWeen the tem 
perature-independent reference voltage and the VT-depen 
dent voltage. The charge pump selectively charges the body 
terminal of the triple-Well transistor(s) in response to the 
control signal. 

[0010] These and other aspects, embodiments, advan 
tages, and features Will become apparent from the folloWing 
description of the invention and the referenced draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIG. 1 is a circuit diagram of a 4-T SRAM cell. 

[0012] FIG. 2 is a circuit diagram of a 6-T SRAM cell. 

[0013] FIG. 3 is a circuit diagram of a LL4TCMOS 
SRAM cell. 
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[0014] FIG. 4 illustrates signal noise margin for the pur 
pose of developing the static noise margin (SNM) concept. 

[0015] FIG. 5 illustrates transfer characteristics for a 
CMOS inverter. 

[0016] FIG. 6 illustrates a latch that comprises tWo invert 

[0017] FIG. 7 illustrates a transistor circuit for a half latch, 
ie one of the inverters in the latch of FIG. 6. 

[0018] FIG. 8 illustrates a transfer characteristic for the 
circuit of FIG. 7. 

[0019] FIG. 9 illustrates a stability margin and provides a 
dotted line to illustrate a stability failure that results in a 
monostable circuit. 

[0020] FIG. 10 illustrates a half latch of a LL4TCMOS 
SRAM cell in Which data is being Written to or read from. 

[0021] FIG. 11A illustrates a stability margin in the con 
teXt of a Write noise margin for the half latch of a SRAM cell 
as illustrated in FIG. 10, Wherein the NMOS pull-doWn 
transistor has a loW threshold voltage VTN. 

[0022] FIG. 11B illustrates stability margin in the conteXt 
of a Write noise margin for the half latch of a SRAM cell as 
illustrated in FIG. 10, Wherein the NMOS pull-doWn tran 
sistor has a high threshold voltage VTN and further illustrates 
by means of a dotted line a situation in Which a SRAM cell 
becomes monostable, loses its Write noise margin and fails. 

[0023] FIG. 12A illustrates a half latch of a LL4TCMOS 
SRAM cell in Which data is being retained. 

[0024] FIG. 12B illustrates the leakage paths for the half 
latch of FIG. 12A. 

[0025] FIG. 13A illustrates a pull-doWn transistor in a 
LL4TCMOS SRAM cell. 

[0026] FIG. 13B illustrates the relationship betWeen the 
log of the subthreshold current I and the gate voltage VG for 
the circuit of FIG. 13A. 

[0027] FIG. 14 illustrates stability margins, and particu 
larly Write noise margins for a SRAM cell at 3.3 volts, 1.5 
volts and 1.0 volts. 

[0028] FIG. 15 is a graph of the Write voltage plotted 
against Vcc for both a 6-T SRAM cell and for LL4TCMOS 
SRAM cells of varying Beta ratios. 

[0029] FIG. 16A illustrates a schematic for a CMOS 
inverter. 

[0030] FIG. 16B illustrates another schematic for a 
CMOS inverter, including a body terminal for the transistors 
of the CMOS inverter. 

[0031] FIG. 16C illustrates a cross section of the CMOS 
inverter of FIG. 16B in an n-Well process. 

[0032] FIG. 17 illustrates the LL4TCMOS SRAM cell of 
FIG. 3 With the body terminals for the NMOS pull-doWn 
transistors connected to the substrate. 

[0033] FIG. 18 illustrates the LL4TCMOS SRAM cell 
With the body terminals connected to VBB and electrically 
isolated With respect to the substrate. 
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[0034] FIG. 19 illustrates a cross section of an NMOS 
pull-doWn transistor formed by a triple-Well or n-tub pro 
cess. 

[0035] FIG. 20A illustrates a block diagram for one 
embodiment of a transistor body bias generator coupled to 
an array of pull-doWn transistors Within a SRAM array. 

[0036] FIG. 20B illustrates a block diagram for another 
embodiment of a transistor body bias generator coupled to 
an array of pull-doWn transistors Within a SRAM array. 

[0037] FIG. 20C illustrates one biasing arrangement for a 
pull-doWn transistor. 

[0038] FIG. 20D illustrates another biasing arrangement 
for a pull-doWn transistor. 

[0039] FIG. 20E illustrates another biasing arrangement 
for a pull-doWn transistor. 

[0040] FIG. 20F illustrates another biasing arrangement 
for a pull-doWn transistor. 

[0041] FIG. 21A illustrates a block diagram for one 
embodiment of a transistor body bias generator coupled to 
an array of pull-doWn transistors Within a SRAM array. 

[0042] FIG. 21B illustrates a block diagram for another 
embodiment of a transistor body bias generator coupled to 
an array of pull-doWn transistors Within a SRAM array. 

[0043] FIGS. 21C illustrates one embodiment of the frac 
tional multiplier provided in FIG. 21B. 

[0044] FIGS. 22A and 22B illustrate the hysteresis effect 
that the shunt transistor of FIG. 21A has on the operation of 
the charge pump, Wherein a loWer VT turns the charge pump 
on and a higher VT turns the charge pump off. 

[0045] FIG. 23 illustrates the hysteresis effect that the 
shunt transistor of FIG. 21A has on the operation of the 
charge pump, Wherein the operation state of the charge pump 
is provided for a VT that is oscillating betWeen a VTrnaX and 
a V Trnin' 

[0046] 
circuit. 

FIG. 24 illustrates a block diagram of a memory 

[0047] FIG. 25 illustrates a block diagram of a computer 
system. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0048] The folloWing detailed description of the invention 
refers to the accompanying draWings Which shoW, by Way of 
illustration, speci?c aspects and embodiments in Which the 
invention may be practiced. In the draWings, like numerals 
describe substantially similar components throughout the 
several vieWs. These embodiments are described in suffi 
cient detail to enable those skilled in the art to practice the 
invention. Other embodiments may be utiliZed and struc 
tural, logical, and electrical changes may be made Without 
departing from the scope of the present invention. The 
folloWing detailed description is, therefore, not to be taken 
in a limiting sense, and the scope of the present invention is 
de?ned only by the appended claims, along With the full 
scope of equivalents to Which such claims are entitled. 

[0049] The present subject matter provides a temperature 
based compensation for the threshold voltage VT of a tran 
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sistor, and particularly for the pull-doWn NMOS transistors 
of LL4TCMOS SRAM cells. An increase in temperature 
results in data retention problems for conventional 
LL4TCMOS SRAM cells. According to the present inven 
tion, the SRAM cells are fabricated With triple-Well NMOS 
transistors, and a temperature-based modulation of the VBB 
potential provides the NMOS pull-doWn transistors With a 
temperature-compensated threshold voltage VTN that is ?at 
or relatively ?at With respect to temperature. As such, the 
stability margin of the LL4TCMOS SRAM cells is main 
tained through a range of temperatures. 

[0050] FIGS. 1, 2 and 3 illustrate the progression of 
SRAM cell design from a 4-T SRAM cell and 6-T SRAM 
cell to the LL4TCMOS SRAM cell. Each of these cell 
designs have problems or potential problems. FIG. 1 is a 
circuit diagram of a conventional 4-T SRAM cell 100. Apair 
of NMOS access transistors 102 and 104 alloW complemen 
tary bit values D and *D on the digit lines 106 and 108 to 
be read from and to be Written to a storage circuit 109 of the 
cell 100. The storage circuit 109 includes NMOS pull-doWn 
transistors 110 and 112. Nodes A and B are the complemen 
tary inputs/outputs of the storage circuit 109, and the respec 
tive complementary logic values at these nodes represent the 
state of the cell. For example, When the node A is at logic 1 
and the node B is at logic 0, then the cell is storing a logic 
1. Conversely, When the node A is at logic 0 and the node B 
is at logic 1, then the cell is storing a logic 0. The cell 100 
is bistable as it can have one of tWo stable states, ie logic 
1 or logic 0. 

[0051] During a read of the cell, a Word line WL, Which is 
coupled to the gates of the access transistors 102 and 104, is 
driven to a voltage approximately equal to Vcc to activate 
the transistors. For example, assume that Vcc=logic 1=2.5V 
and Vss=logic 0=0V, and that at the beginning of the read, 
the cell 100 is storing a logic 0 such that the voltage level at 
the node Ais 0V and the voltage level at the node B is 2.5V. 
As this is an example, it is noted that Vcc may be scaled 
loWer than 2.5V. The NMOS access transistor 102 couples 
the node A to the digit line 106, and the NMOS access 
transistor 104 couples the node B to the digit line 108. The 
digit lines 106 and 108 have a capacitance. Due to the high 
voltage at node B, the current ?oW from the node A to 
ground through NMOS pull-doWn transistor 110 pulls doWn 
the digit line 106. Digit line 108 is not pulled doWn because, 
due to the loW voltage at node A, there is not a current ?oW 
from the node B to ground through NMOS pull-doWn 
transistor 112. The resulting bit line differential alloWs a 
sense amp to read the stored logic value of the cell. 

[0052] During a Write of a logic 1 to the cell 100, the 
access transistors 102 and 104 are activated as discussed 
above, and logic 1 is driven onto the digit line 106 and a 
logic 0 is driven onto the digit line 108. The transistor 102 
couples 1.5V (the 2.5V on the digit line 106 minus the 1V 
threshold of the transistor 102) to the node A, and the 
transistor 104 couples 0V from the digit line 108 to the node 
B. The loW voltage on the node B turns off the NMOS 
transistor 110. AWrite can occur Within a time frame on the 
order of nanoseconds. The inactive NMOS transistor 110 
alloWs node A to be pulled up by the access device 102 to 
Vcc-VT, because the time constant of the passive load 114 
is on the order of milliseconds, and thus is too long to 
contribute to the restoration of a high voltage. This high 
voltage on the node Aturns on the NMOS transistor 112, and 
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alloWs the NMOS transistor 112 to reinforce the logic 0 on 
the node B. Likewise, if the voltage Written to the node B is 
1.5V and the voltage Written to the node A is 0V, the 
positive-feedback con?guration ensures that the cell Will 
store a logic 0. 

[0053] The 4-T SRAM cell 100 includes conventional 
passive loads 114 and 116 that pull up the voltage at one of 
the nodes A or B if the associated NMOS pull-doWn tran 
sistor for that node is inactive. Polysilicon resistors form 
these passive loads 114 and 116 in one embodiment. The 
loads 114 and 116 are usually built in another level above the 
access transistors 102 and 104 and the NMOS pull-doWn 
transistors 110 and 112. Thus, the 4-T cell occupies a small 
area, Which results in reduced cost. HoWever, complex steps 
are required to form the load elements 114 and 116 such that 
the construction of the 4-T cells presents a complexity 
versus cost tradeoff. The resistive loads 114 and 116 do not 
play a signi?cant role in determining read stability because, 
during a read, a loW voltage at a node is probably large 
enough that, if the loW voltage is applied to a gate of a 
cross-coupled transistor, the voltage can cause the cross 
coupled transistor to operate, at least partially, in the sub 
threshold region. The threshold voltage of the access devices 
102 and 104 hurts stability because, When a node is at a high 
voltage, a voltage drop attributable to the threshold voltage 
occurs. Therefore, the high voltage VH at node A or node B 
is characteriZed by the relation VH=VCC—VT. Thus, under 
certain conditions as Will be described in more detail beloW 
With respect to the stability margin curves of FIGS. 11A 
11C, the 4-T SRAM cell 200 can inadvertently become 
monostable or read unstable instead of maintaining a desired 
bistable characteristic. Also, the 4-T SRAM cell 100 con 
sumes a considerable amount of poWer because there is 
alWays current ?oWing from Vcc to Vss either through the 
load 114 and the NMOS pull-doWn transistor 110 or through 
the load 116 and the NMOS pull-doWn transistor 112. 

[0054] FIG. 2 is a circuit diagram of a conventional 6-T 
SRAM cell 200. Elements common to FIGS. 1 and 2 are 
referenced With like numbers. Rather than using passive 
pull-up loads 114 and 116 as does the 4-T SRAM cell 100 
of FIG. 1, the 6-T SRAM cell 200 uses PMOS pull-up 
transistors 218 and 220 in conjunction With the NMOS 
pull-doWn transistors 210 and 212 to form the storage circuit 
209. For example, during a Write of a logic 1 to the 6-T 
SRAM cell 200, the transistors 202 and 204 are activated as 
discussed above, and a logic 1 is driven onto the digit line 
206 and a logic 0 is driven onto the digit line 208. Thus, in 
an embodiment Where Vcc=2.5V, the transistor 202 couples 
1.5V (the 2.5V on the digit line 206 minus the 1V threshold 
of the transistor 202) to the node A, and the transistor 204 
couples 0V from the digit line 208 to the node B. The loW 
voltage on the node B turns off the NMOS pull-doWn 
transistor 210, and turns on the PMOS transistor 218. Thus 
the inactive NMOS transistor 210 alloWs the PMOS tran 
sistor 218 to pull the node A up to 2.5V. Additionally, the 
access transistor 202 assists With pulling the node A up to 
Vcc-VT, i.e. 1.5V. This high voltage on the node Aturns on 
the NMOS transistor 212 and turns off the PMOS transistor 
220, thus alloWing the NMOS transistor 212 to reinforce the 
logic 0 on the node B. Likewise, if the voltage Written to the 
node B is 1.5V and that Written to the node A is 0V, the 
positive-feedback con?guration ensures that the 6-T SRAM 
cell 200 Will store a logic 0. 






























