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glivllJBRooK DR DRAM includes a small capacitor as a storage device, a 
SAN JésE CA 95129 (Us; Write MOS transistor as a Write device, and a diode as a read 

’ device; the diode includes four terminals, the ?rst terminal 
21 A 1' N ‘I 11/755 197 serves as a read Word line, the second terminal serves as a 

( ) pp 0 ’ storage node, the third terminal is ?oating, and the fourth 
(22) Filed: May 30 2007 terminal serves as a bit line; the diode can be composed of 

a the parasitic bipolar transistor of the Write MOS transistor 
Related U_s_ Application Data With attaching one more terminal; the diode and the Write 

MOS transistor can be formed from thin-?lm layer, thus 
(63) Continuation of application No. 11/307,318, ?led on multiple memory Cells are Stacked; the heavy routing lines 

Feb. 1, 2006, noW Pat. No. 7,242,607, Which is a 
continuation of application No. 11/306,756, ?led on 
Jan. 10, 2006, Which is a continuation of application 
No. 11/164,919, ?led on Dec. 11, 2005, noW Pat. No. 
7,196,926, Which is a continuation of application No. 
11/164,872, ?led on Dec. 8, 2005, noW Pat. No. 
7,209,384. 

are driven by the bipolar drivers Which are part of the 
invention; the bipolar drivers and the control MOS transis 
tors of the peripheral circuit can be formed from the thin 
?lm transistor; hence the Whole chip can be stacked over the 
Wafer, such as silicon, quartz and others; additionally it 
applications are extended to a multi port memory and a 
content addressable memory. 
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DYNAMIC RANDOM ACCESS MEMORY 

CROSS REFERENCE TO RELATED 
APPLICATION 

[0001] The present invention is a continuation of applica 
tion Ser. No. 11/307,318, ?led on Feb. 1, 2006, now US. 
Pat. No. 7,242,607, Which is a continuation of application 
Ser. No. 11/306,756, ?led on Jan. 10, 2006, Which is a 
continuation of application Ser. No. 11/164,919, ?led on 
Dec. 11, 2005, now US. Pat. No. 7,196,926, Which is a 
continuation of application Ser. No. 11/164,872, ?led on 
Dec. 8, 2005, now US. Pat. No. 7,209,384, Which are herein 
incorporated by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to inte 
grated circuits, in particular to RAM (Random Access 
Memory) including capacitor storage element, and its appli 
cations, such as single port memory, multi port memory and 
CAM (content addressable memory). 

BACKGROUND OF THE INVENTION 

[0003] A p-n-p-n diode knoWn as Shockley diode or 
thyristor, is a solid-state semiconductor device similar to 
tWo-terminal p-n diode, With an extra terminal Which is used 
to turn it on. Once turned on, diode (p-n-p-n diode or n-p-n-p 
diode) Will remain on conducting state as long as there is a 
signi?cant current ?owing through it. If the current falls to 
Zero, the device switches off. Diode has four layers, With 
each layer consisting of an alternately p-type or n-type 
material, for example p-n-p-n and n-p-n-p. The main termi 
nals, labeled anode and cathode, are across the full four 
layers, and the control terminal, called the gate, is attached 
to one of the middle layers. The operation of a diode can be 
understood in terms of a pair of tightly coupled transistors, 
arranged to cause the self-latching action. 

[0004] Diodes are mainly used Where high currents and 
voltages are involved, and are often used to control alter 
nating currents, Where the change of polarity of the current 
causes the device to automatically switch off; referred to as 
‘Zero cross operation’. The device can also be said to be in 
synchronous operation as, once the device is open, it con 
ducts in phase With the voltage applied over its anode to 
cathode junction. This is not to be confused With symmetri 
cal operation, as the output is unidirectional, ?oWing only 
from anode to cathode, and so is asymmetrical in nature. 
These properties are used control the desired load regulation 
by adjusting the frequency of the trigger signal at the gate. 
The load regulation possible is broad as semiconductor 
based devices are capable of sWitching at extremely high 
speeds over extremely large numbers of sWitching cycles. 

[0005] In FIG. 1A, the schematic of diode is illustrated. It 
consists of four terminals, such that the anode 111 is 
connected to poWer supply or regulating node, the base 112 
of p-n-p transistor 115 serves as the collector 112 of n-p-n 
transistor 114, the collector 113 of p-n-p transistor 115 
serves as the base of n-p-n transistor 114 Which is controlled 
by the voltage controller 116. In order to turn on diode and 
hold the state of turn-on, the voltage controller should raise 
the voltage from ground level to VF (forWard bias, 0.6 v-0.8 
v for silicon). And the voltage controller 116 should supply 
the current 117, referred to as the base current, Which current 
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depends on the characteristic of transistor 114 and 115. Once 
the base current 117 establishes the forWard bias (VF), the 
collector 112 of n-p-n transistor 114 holds the current path 
119 from the base of p-n-p transistor 115. After then, p-n-p 
transistor 115 is turned on because the base 112 has forWard 
bias from the emitter 111. This makes the current path 118 
Which can keep the turn-on state. This is the holding state as 
long as the base has not so much leakage to drive the base 
voltage under forWard bias (VF) even though the voltage 
controller 116 is open. To turn oif diode, the voltage con 
troller 116 should loWer the voltage of the base of n-p-n 
transistor 114 under forWard bias. To do so, the voltage 
controller 116 should (negatively) ?oW more current than 
the current path 118. 

[0006] The diode is mainly used for the high voltage 
regulation, While the MOS transistor is used for the memory 
operation in general because of the simplicity of the MOS 
transistor as an access device. HoWever, fabricating the 
MOS transistor Will be reached to the scaling limit in the 
near future, and also the process cost Will be extremely 
expensive With smaller feature siZe, such as 45 nm, 32 nm 
and 22 nm. In the present invention, sophisticated circuit 
techniques are introduced in order to improve the memory 
operation. With this method, there is no need of extreme 
feature siZe device With multi stacked devices. Furthermore, 
there are no neW materials are required to fabricate the neW 

semiconductor memory chip. Before explaining the present 
invention, there is a need to revieW the conventional DRAM 
and other prior arts. 

[0007] The conventional DRAM is illustrated in FIG. 1B, 
as a prior art, Wherein a MOS transistor 133 serves as a read 
device and also a Write device, and a capacitor 136 serves as 
a storage device. When read, the Word line 131 is asserted 
to high. Thus the stored charge in the storage node 132 is 
transferred to the bit line 135, but the bit line is heavily 
loaded With multiple memory cells and relatively long metal 
line. After then, the stored charges are re-distributed With the 
bit line charges, Which reduce or raise the bit line voltage 
slightly, such as 100 mV. The charge re-distribution time is 
relatively long, because the MOS transistor includes high 
turn-on resistance and the bit line capacitance is relatively 
heavy. When Write, the Word line is asserted to higher than 
the supply voltage in order to transfer full level of the bit line 
voltage, Which eliminates the threshold voltage drop of the 
NMOS transistor 133. To do so, the NMOS transistor 
includes relatively thick gate oxide, and a charge pump 
circuit (not shoWn) generates a Word line voltage. After 
Write, the stored charges are reduced by the leakage current, 
thus the subthreshold leakage of the MOS transistor should 
be suppressed carefully. In order to reduce the subthreshold 
leakage, negative voltage is applied to the body of the MOS 
transistor, Which also reduces the junction capacitance of the 
bit line, but the internal negative voltage generator con 
sumes current and needs to be adjusted for the optimum 
voltage level for the use. And one more undesirable effect is 
the parasitic bipolar transistor in the bottom side of the MOS 
transistor Which should be suppressed by applying the 
negative voltage to the body. The slight forWard bias can 
remove the stored charge to the body. Furthermore, the 
storage capacitor should be big enough to drive the heavily 
loaded bit line directly, such as 20 fF to 30 fF. One of major 
draWback is that fabricating the MOS transistor on the 
surface of the Wafer reaches to the scaling limit in the near 
future, such that smaller than 22 nm MOS transistor is more 
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challenging With the existing materials. There are many 
prior arts for the conventional DRAM, as published, US. 
Pat. No. 6,191,448, No. 6,689,660, No. 7,303,439, and No. 
7,221,014. 

[0008] And there are many efforts to improve the conven 
tional DRAM, With introducing neW circuit concepts. One of 
the circuit is to use a four-terminal diode as a storage device 
to reduce the storage capacitor, but the MOS transistor still 
serves as an access device, such that the four-terminal diode 
holds the states of tum-on or tum-off, but it has very high 
holding current to store ‘on’ state, as published, “High 
density planar SRAM cell using bipolar latch-up and gated 
diode breakdown”, US. Pat. No. 6,104,045, and “Thyristor 
type memory device” US. Pat. No. 6,967,358 and “Semi 
conductor capacitively-coupled negative differential resis 
tance device and its applications in high-density high-speed 
memories and in poWer sWitches”, US. Pat. No. 6,229,161. 
And another report is reported, “A novel capacitor-less 
DRAM cell Thin Capacitively-Coupled Thyristor (TCCT)”, 
2005 IEEE Electron Devices Meeting (IEDM) Tech. Dig. 
pp. 311. This approach requires very deep negative voltage 
in order to Write data because the inversion layer of the gate 
is attached to the drain/ source region (or emitter/collector), 
the gate can sWing only ground to deep negative voltage 
(—1.5V) to avoid the leakage path to the drain, Which needs 
negative pump circuit or external negative voltage. And high 
current ?oWing eventually raises operating temperature by 
“Joule heating”, Which produces more junction leakage and 
gate leakage. Consequently, the data stored in the diode can 
be lost quickly by those leakages. 

[0009] And a ?oating body memory is reported as pub 
lished, US. Pat. No. 6,937,516 and No. 7,177,175. HoW 
ever, the memory cell can store the charges in the ?oating 
body of the SOI type Wafer. Thus, the retention time is 
relatively short because there is only a parasitic capacitor to 
store charges. And the gate oxide may be damaged after long 
time use, because the impaction ioniZation may hurt the 
oxide With relatively high voltage When Write. The read 
access device still uses a MOS transistor, Which should drive 
heavily loaded bit line through the MOS transistor Which 
includes higher tum-on resistance than bipolar transistor, 
thus the MOS transistor should be high-performance device 
to meet the access time. And a major draWback is that 
fabricating the MOS transistor on the surface of the Wafer 
Will be reached to the scaling limit in the near future as the 
conventional DRAM. 

[0010] One more prior art is reported to reduce the storage 
capacitor, as published, “A Poly-Silicon TFT With a Sub 
5-nm Thick Channel for LoW-PoWer Gain Cell Memory in 
Mobile Applications”, IEEE Transactions on Electron 
Devices, Vol. 51, No. 11, pp. 1805-1810, November 2004, 
US. Pat. No. 7,009,243, and No. 6,646,300, Wherein the 
polysilicon thin-?lm transistor serves as Write device, and 
Which stores the charges With loW leakage. HoWever, the 
read MOS transistor should drive the heavily loaded bit line 
as the ?oating body memory. The MOS transistor should be 
high-performance device, Which Will be reached to the 
scaling limit in the near future as Well. 

[0011] As revieWed the prior arts, the conventional 
DRAM and other prior arts use the bi-directional MOS 
transistor as a read device and also a Write device, because 
it is straightforward to access the storage capacitor directly. 
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HoWever, the bi-directional tra?ic is generally sloW. In this 
respect, the read path and the Write path can be separately 
controlled as the express Way has tWo Way tra?ics With 
tra?ic signal in the street. And a small capacitor controls the 
strong diode read device When read, as a small car key can 
start several hundred horse poWer engine With tWo ?ngers 
(or three ?ngers may be available, but the Whole body is not 
necessary). One more aspect is the memory cells are stacked 
over the control circuits, and multiple memory cells are 
stacked, as the multi-story building has more rooms on the 
ground, and the ground is a supporter for the building. 

[0012] The major improvement of the present invention is 
that the active poWer is dramatically reduced by reducing the 
current loading, during read operation. In this manner, the bit 
line current loading is tWo or three because the delay signal 
sequentially enables the current path of the bit lines in the 
memory array When read. Furthermore, the Write path uses 
the MOS transistor as the conventional DRAM, so that there 
is no current loading during Write. Hence, the capacitive 
loading is easy to be driven by the strong bipolar buffer 
circuit Which is also part of the present invention. 

[0013] In order to do so, sophisticated circuit techniques 
are introduced to control the read path and the Write path 
separately. In the present invention, the four-terminal diode 
is used as a read access device and the MOS transistor is still 
used as a Write device, and a relatively small capacitor 
serves as a storage device. And adding one more terminal to 

the MOS transistor, the parasitic bipolar transistor of the 
Write MOS transistor serves as a four-terminal diode for the 
read operation. Furthermore, the four-terminal diode serves 
as a sense ampli?er as Well, such that the diode output 
generates information “on” or “o?‘” Which is digital value. It 
gives as many as advantages to design and fabricate it. 
HoWever the diode operation is not as simple as the MOS 
transistor because it has unidirectional current control char 
acteristic and internal feedback loop. In the conventional 
MOS access transistor, there is a parasitic n-p-n bipolar 
transistor Wherein the body serves as the base, source/drain 
serve as the emitter/collector. During read and Write cycle, 
the base (body) is at ground (or negative) to prevent bipolar 
effect. The parasitic bipolar transistor is not Wanted device 
in the conventional memory, Which is usually turned off, but 
noW adding one more terminal to the parasitic bipolar 
transistor, a p-n-p-n diode (or n-p-n-p) can serve as a read 
access device for the next generation memory device With 
good performance and simple structure. Thus, the diode 
serves as a read device, While the MOS transistor still serves 
as a Write device. Additionally, the plate line of the capacitor 
enhances the Write operation to boost the storage node. 

[0014] Separately a capacitor is still required to store data 
as the conventional memories such as DRAM (Dynamic 
Random Access Memory), but noW there is no need of high 
capacitance to drive the bit line directly. Instead, the capaci 
tor drives only one of diode terminals Which has very little 
capacitance, and the capacitor indirectly communicates to 
the bit line (or data line), While diode directly communicates 
to the bit line. As a result, diode serves as a sense ampli?er 
to detect Whether the storage node voltage is forWard bias or 
not. This is different control method from the conventional 
DRAM, Where the gate of MOS transistor is connected to 
the Word line and turns on and off, but the load of the Word 
line is only gate and routing capacitance, While the storage 
capacitor drives very heavy bit line directly, Which means 
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that the Word line loading is very light, in the conventional 
DRAM. Conversely, using diode as a read access device 
gives the bit line loading to the Word line through the diode, 
Which makes the Word line loading very heavy, but it is 
controllable to design With strong driver or segmentation for 
the Word line. Even though the Word line loading is high, it 
is desirable to con?gure a memory array because the Word 
line driver is stronger than the Weak storage capacitor. In the 
conventional DRAM, the Weak storage capacitor directly 
drives the bit line, Which needs time to redistribute charge 
from the capacitor to the bit line. The stored charge Was lost 
during read cycle by the charge redistribution, Which is 
referred to as destructive read. 

[0015] Additionally, any types of capacitor can be used for 
storing data. Depending on the capacitor material, the reten 
tion time and the Write time are different. For example, 
DRAM uses ordinary dielectric capacitor, such as silicon 
dioxide, silicon nitride, Ta2O5, TiO2, Al2O3, TiN/HfO2/ 
TiN(TIT), and Ru/Insulator/TiN(RIT), Which can store data 
in the range of 300 ms to 1 sec. It is called volatile memory. 
Alternatively, ferroelectric capacitor can be used as a storage 
capacitor, such as lead Zirconate titanate (PZT), lead lan 
thanum Zirconium titanate (PLZT), barium strontium titan 
ate (BST), and strontium bismuth tantalate (SBT), as shoWn 
in the prior art, “Ferroelectric Random-Access Memory”, 
US. Pat. No. 5,600,587. In the present invention, ferroelec 
tric capacitor can also be used as a volatile memory because 
the stored charges are gradually discharged after the electric 
?eld is off. Moreover, the read operation is different from 
FRAM (Ferroelectric Random Access Memory), such that 
the plate line is not moving When read, in the present 
invention, While the plate line moves in the FRAM read 
operation in order to measure the polariZed capacitance in 
the ferroelectric capacitor. Thus the memory operation is 
still volatile mode, but retention time Would be increased as 
long as high dielectric constant material is used, in the 
present invention. Furthermore, a series capacitor can be a 
storage capacitor, such that the memory cell Works after one 
of the series capacitor is broken and shorted. When one of 
the series capacitor is shorted, the storage capacitance is 
increased tWice. Thus, yield Will be increased and the 
memory is more reliable in operation. 

[0016] The MOS Write device can be a coarse device such 
as thin-?lm transistor because the MOS transistor drives 
only a small storage capacitor, Which ensures that the 
memory cells are formed in betWeen the routing layers. In 
doing so, there is no high performance MOS transistor in the 
memory cell, and one more improvement is that the bipolar 
transistors can be used as internal buffers such as the Word 
line driver and the bit line driver. Furthermore, the output 
driver can use the similar type of bipolar buffer circuit. 

[0017] And one of major advantages of the present inven 
tion is that there is no need of extreme feature siZe transistors 
because the memory cells can be stacked over the control 
circuit. In stead of scaling the transistors to extreme geom 
etry, topping more memory cells is more practical, Which 
also achieves fast access With centraliZed control and short 
routing length in vertical direction. As a result, there is no 
scaling limit to fabricate the memory chip by topping 
multiple memory cells. 

[0018] The heavily loaded control signals are driven by 
bipolar buffers Which are also formed from the thin-?lm 
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layers. This means that the control circuits can be stacked 
over the Wafer With an insulator because there is no need for 
fabricating high-performance MOS transistor on the surface 
of the Wafer. Consequently, the Whole chip can be fabricated 
on the isolation layer on the Wafer. In doing so, the Wafer 
serves only as a supporter. Thus, any types of Wafer can be 
a supporter to reduce the Wafer cost, such as loW purity 
silicon Wafer, quartz Wafer, ceramic Wafer, glass, metal and 
so on. 

SUMMARY OF THE INVENTION 

[0019] In the present invention, dynamic random access 
memory including a four-terminal diode read device and its 
applications is described, Wherein the four-terminal diode 
serves as a read access device, a MOS transistor serves as a 

Write device and a small capacitor stores data. More spe 
ci?cally, the Write MOS transistor includes a parasitic bipo 
lar transistor Which is unWanted device in the conventional 
DRAM, but noW adding one more terminal to the parasitic 
bipolar transistor, the bipolar transistor serves as a strong 
four-terminal diode. During read operation, the read Word 
line is asserted to activate the diode, While the Write Word 
line serves as a gate of the MOS transistor and the gate turns 
off the MOS transistor. In contrast, the Write Word line is 
asserted to Write the charge to the capacitor node during 
Write operation, While the read Word line is de-asserted. 

[0020] The memory cells can be formed Within the current 
CMOS process environment, but With no neW material. And 
one of major advantages of the present invention is that the 
memory cells can be formed in betWeen the routing layers in 
order to reduce chip area, and also the memory cells can be 
stacked over the control circuits including MOS transistors 
When the memory cells are composed of the thin-?lm 
transistor such as polysilicon and amorphous silicon With 
loW temperature process. The read diode need not be a high 
performance device nor have a high current gain, because 
the diode is used as a digital sWitch such that it is turned on 
or off depending on the stored voltage. And the current path 
of diode includes its Whole junction area While the current 
path of MOS transistor includes a shalloW inversion layer on 
the surface by the electric ?eld. Thus, the current How of the 
diode is much higher than that of the MOS transistor. The 
Write MOS transistor need not be a high performance device 
nor have a high current gain either. During Write, the Write 
MOS transistor drives only a small storage capacitor only, 
Which means that the Write MOS device can be a coarse 

MOS transistor, such as polysilicon or amorphous thin-?lm 
MOS transistor. In order to store charges in the storage node 
of the capacitor, the capacitor node is enhanced by coupling 
the capacitor plate. In this manner, the coarse MOS transis 
tor serves as a good Write device. In addition, there is no 
need of high voltage Write Word line for the memory cell, 
While the conventional DRAM requires higher voltage than 
the supply voltage for the Write operation. In addition, 
multiple memory cells can be stacked. Hence, topping the 
memory cells With loW temperature is independent on fab 
ricating the control circuits. 

[0021] The peripheral circuits and the memory cells can be 
formed on the conventional Wafer, such as the bulk Wafer 
and the SOI Wafer. Furthermore, the Whole chip can be 
fabricated on the isolation layer over the Wafer as an 
alternative embodiment, Wherein the transistors do not use 
the surface of the Wafer. To do so, the heavily loaded lines 
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are driven by the bipolar output drivers Which are part of the 
present invention, and the MOS transistor drive only lightly 
loaded signals. In doing so, the Wafer only serves as a 
supporter While the conventional MOS transistors use the 
surface of the Wafer, Which means that the MOS transistors 
for the memory control and the memory cells are formed 
from the deposited polysilicon or amorphous silicon. Thus, 
any types of Wafer can be a supporter in order to reduce the 
Wafer cost. In this respect, there is no need of extreme 
feature siZe transistors because the memory cells can be 
stacked over the control circuit, and the control circuits can 
be stacked over the any type of Wafer. In stead of scaling the 
transistors, multiple toppings are more meaningful, Which 
also achieves fast access With centraliZed control and short 
routing length in vertical directions. In doing so, the present 
invention can overcome the scaling limit of the DRAM, 
because there is almost no limit to stack the memory cells in 
the vertical direction as long as the ?atness is good enough 
to stack more memory cells. 

[0022] The capacitor can be very small device, because the 
capacitor does not directly drive the heavily loaded bit line 
during read, the strong diode drives the bit line in stead of 
the capacitor. The retention time of the memory cell can be 
maintained by reducing the subthreshold leakage through 
the thin-?lm transistor With Wide channel region and opti 
mum doping rate, and reducing the diode reverse bias 
leakage. The memory cell structures are simpler than that of 
the conventional DRAM, because no big capacitor is 
required for the storage capacitor. Various types of capacitor 
can be used for storing data, such as ordinary capacitor 
including high dielectric constant and ferroelectric capacitor 
Which includes also high dielectric constant. Both capacitors 
can be used as a volatile memory because the stored charges 
are gradually discharged after Write, because read operation 
is different from FRAM (Ferroelectric Random Access 
Memory), such that the plate line is not moving When read 
in the present invention, While the plate line moves in 
FRAM operation in order to measure the polariZed capaci 
tance in the capacitor, thus FRAM is Worn out after long 
time use. But the capacitor is not Worn out for the DRAM 
operation because the operation is different. Thus the 
DRAM operation is still volatile mode, but retention time 
Would be increased as long as high dielectric constant 
material is used. In addition, the Write operation is enhanced 
by coupling the storage capacitor When the plate line is 
raised. In doing so, the stored charges are increased, Which 
improves retention time. Furthermore, a series capacitor can 
be a storage capacitor, such that the memory cell Works after 
one of the series capacitor is broken and shorted. When one 
of the series capacitor is shorted, the storage capacitance is 
increased tWice. Thus, yield Will be increased and the 
memory is more reliable in operation. 

[0023] Various types of diode can be used to form the 
memory cell, such as silicon including solid-state, amor 
phous and stretchable silicon, germanium, compound semi 
conductors including GaAs, SiGe, and metal semiconductor 
diode (Schottky diode), as long as the reverse bias current is 
controllable. 

[0024] HoWever the operation of the four-terminal diode is 
not familiar With the memory operation, because it has 
unidirectional current control characteristic and internal 
feedback loop, even though it has almost no parasitic effect. 
In the present invention, sophisticated circuit techniques are 
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introduced to use a diode as a read access device for the 

capacitor memory. Moreover, the diode serves as a sense 
ampli?er to detect the voltage of the storage node Whether 
it is forWard bias or not, then diode sends binary results to 
the bit line, and the latch device including the current mirror 
receives the binary results from the bit line, on or off. The 
current mirror repeats the amount of current that the memory 
cell ?oWs, and latches the result. After latching data, the 
output of the latch device cuts off the current path of the bit 
line, Which reduces active current. And the diode read device 
realiZes fast access time, and does not require reference bit 
line. Furthermore, dummy cells generate replica delay sig 
nals Which guarantee internal timing margin and reduce 
operation cycle time. Furthermore, the diode can ?oW more 
current than the MOS transistor. The Word line cuts off the 
holding current during standby. Thus there is no standby 
current except leakage current in the memory cell, Which 
realiZes loW poWer consumption. Furthermore, the applica 
tions of the present memory cell are extendable for multi 
port memory and content addressable memory. 

[0025] These and other objects and advantages of the 
present invention Will no doubt become obvious to those of 
ordinary skill in the art after having read the folloWing 
detailed description of the preferred embodiments Which are 
illustrated in the various draWing ?gures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] The accompanying drawings Which are incorpo 
rated in and form a part of this speci?cation, illustrate 
embodiments of the invention and together With the descrip 
tion, serve to explain the principles of the invention. 

[0027] FIG. 1A illustrates a p-n-p-n diode as a prior art. 
FIG. 1B depicts the schematic of the conventional DRAM, 
as prior arts. 

[0028] FIG. 2 illustrates the basic schematics of capacitor 
memory and data latch as the present invention. 

[0029] FIG. 3A illustrates a detailed circuit of the invented 
memory cell, and FIG. 3B illustrates an alternative con?gu 
ration. And FIG. 3C illustrates a read path including the 
memory cell and read data latch, according to the teachings 
of the present invention. 

[0030] FIG. 4A illustrates I-V curve of the memory cell, 
according to the teachings of the present invention. FIG. 4B 
illustrates I-V curve of conventional bipolar transistor is 
illustrated as a reference. FIG. 4C illustrates detailed I-V 
curve in linear scale and FIG. 4D illustrates detailed I-V 
curve in log scale, according to the teachings of the present 
invention. 

[0031] FIG. 5A illustrates more detailed read path, accord 
ing to the teachings of the present invention. FIG. 5B 
illustrates the relationship betWeen voltage and temperature 
of the memory cell, according to the teachings of the present 
invention. FIG. 5C illustrates I-V curve of pull-doWn NMOS 
transistor, according to the teachings of the present inven 
tion. FIG. 5D illustrates I-V curve of the diode access 
device, according to the teachings of the present invention. 
And FIG. 5E illustrates I-V curve of pull-up device of roW 
decoder, according to the teachings of the present invention. 

[0032] FIG. 6A illustrates a timing diagram of read “1” 
operation, according to the teachings of the present inven 
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tion. FIG. 6B illustrates a timing diagram of read “0” 
operation, according to the teachings of the present inven 
tion. And FIG. 6C illustrates a sequential read timing, 
according to the teachings of the present invention. 

[0033] FIG. 7 illustrates the schematic for sequential read 
operation, according to the teachings of the present inven 
tion. 

[0034] FIGS. 8A and 8B illustrate simpli?ed read scheme, 
according to the teachings of the present invention. 

[0035] FIG. 9A illustrates the equivalent circuit during 
Write operation, and FIG. 9B illustrates the equivalent circuit 
during retention, according to the teachings of the present 
invention. 

[0036] FIGS. 10A and 10B illustrate read-modify circuit 
including the memory cell, according to the teachings of the 
present invention. 

[0037] FIG. 11A illustrates read “1” timing diagram, FIG. 
11B illustrates read “0” timing diagram, FIG. 11C illustrates 
read “0” and modify “1” timing diagram, and FIG. 11D 
illustrates read “1” and modify “0” timing diagram, accord 
ing to the teachings of the present invention. 

[0038] FIG. 12A illustrates a Whole read path including 
the output driver circuit. And FIGS. 12B, 12C, 12D and 12E 
illustrate related sub-circuits and timings of FIG. 12A, 
according to the teachings of the present invention. 

[0039] FIG. 13A illustrates an alternative con?guration 
With a ferroelectric capacitor, FIG. 13B illustrates an alter 
native con?guration With a series capacitor, and FIG. 13C 
illustrates a reverse con?guration, according to the teachings 
of the present invention. 

[0040] FIG. 14 illustrates an example of multi-port 
memory application, according to the teachings of the 
present invention. 

[0041] FIG. 15 illustrates an example application for con 
tent addressable memory, according to the teachings of the 
present invention. 

[0042] FIG. 16 provides a truth table summarizing the 
logical relationships among various signals for content 
addressable memory, as shoWn in FIG. 15. 

[0043] FIG. 17A illustrates a cross sectional vieW of 
stacked capacitor memory Which is shoWn from the read 
Word line direction, and FIG. 17B illustrates a cross sec 
tional vieW shoWn from the bit line direction, according to 
the teachings of the present invention. 

[0044] FIGS. 18A and 18B illustrate the cross sectional 
vieW of the memory cells. And FIGS. 18C and 18D illustrate 
global bit line and local bit line on the memory cells, 
according to the teachings of the present invention. 

[0045] FIG. 19A illustrates global bit line structure, 
according to the teachings of the present invention. 

[0046] FIG. 19B illustrates global bit line structure of the 
conventional DRAM, as a prior art. 

[0047] FIG. 20 illustrates cross sectional vieWs of the 
stacked capacitor memory on the bulk Wafer, according to 
the teachings of the present invention. 
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[0048] FIG. 21 illustrates cross sectional vieWs of the 
stacked capacitor memory on the MOS transistor, according 
to the teachings of the present invention. 

[0049] FIG. 22 illustrates cross sectional vieWs of the 
stacked capacitor memory under the MOS transistor, accord 
ing to the teachings of the present invention. 

DETAILED DESCRIPTION OF PREFERRED 

EMBODIMENT(S) 

[0050] Reference is made in detail to the preferred 
embodiments of the invention. While the invention is 
described in conjunction With the preferred embodiments, 
the invention is not intended to be limited by these preferred 
embodiments. On the contrary, the invention is intended to 
cover alternatives, modi?cations and equivalents, Which 
may be included Within the spirit and scope of the invention 
as de?ned by the appended claims. Furthermore, in the 
folloWing detailed description of the invention, numerous 
speci?c details are set forth in order to provide a thorough 
understanding of the invention. HoWever, as is obvious to 
one ordinarily skilled in the art, the invention may be 
practiced Without these speci?c details. In other instances, 
Well-knoWn methods, procedures, components, and circuits 
have not been described in detail so that aspects of the 
invention Will not be obscured. 

[0051] The present invention is directed to a dynamic 
random access memory, as shoWn in FIG. 2, Wherein a small 
capacitor storage element 205 is connected to a MOS 
transistor 209 and an additional p-type terminal 201 is 
attached to the storage node 202. The MOS transistor serves 
as a Write device as the conventional memory When the Write 
Word line 208 is asserted. And the MOS transistor includes 
a parasitic n-p-n bipolar transistor, such that a body 203 
serves as a base, a drain/source 202 serves as an emitter/ 

collector, and another drain/source 204 serves as another 
emitter/collector. By adding p-type terminal 201 to the 
emitter/collector 202, the parasitic bipolar transistor serves 
as a four-terminal diode, Wherein the ?rst terminal 201 is 
p-type and connected to a read Word line (RWL) 207 to 
activate the memory cell, the second terminal 202 is n-type 
and serves as a storage node 202 of the capacitor 205, the 
third terminal 203 is p-type and ?oating, the fourth terminal 
204 is n-type and connected to a bit line to Write or read data, 
and the plate line (PL) 206 is connected to an electrode of 
the capacitor 205. Unlike MOS access device, the diode is 
turned on or olf, depending on the stored data during read 
cycle, Which is quite different from the conventional sWitch 
ing concept to access the memory cell, such that the diode 
access device is turned on only if the storage node 202 is 
near VL level (ground). In contrast, the MOS Write device 
209 is turned on by the inversion layer (not shoWn), regard 
less of the stored data, When the Write Word line 208 is 
asserted to VH level (supply voltage), While the Write Word 
line is raised to higher than the supply voltage in the 
conventional memory. 

[0052] In FIG. 3A, a detailed circuit of the memory cell as 
shoWn in FIG. 2 is illustrated, Which circuit is also an 
equivalent circuit of the memory cell, Wherein the MOS 
transistor 309 is composed of the gate 308, the source 302 
and the drain 304, and the ?oating body 303. During Write, 
the MOS transistor 309 is turned on by the gate electric ?eld, 
While the read Word line 307 keeps loW (V L level) to turn oif 
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the diode and the body 303 is ?oating. During read, the Write 
Word line 308 keeps loW (VL level). Thus, the MOS tran 
sistor is turned off, but the read Word line 307 is asserted to 
high (V H level). When the storage node 302 stores loW (near 
ground), p-n-p transistor Q1 is turned on, because the 
forWard bias is set up by raising the read Word line 307. By 
turning on p-n-p Q1, the ?oating body 303 is raised by p-n-p 
Q1. As a result, n-p-n Q2 is turned on, because the ?oating 
body 303 serves as the base of n-p-n Q2. In doing so, a 
current path is set up from the read Word line 307 to the bit 
line 304. On the contrary, the current path is not set up When 
the stored voltage is higher than VH level, because the 
reverse bias is set up from the read Word line to the storage 
node 302. Thus, the read output is the current from the diode, 
on or off. And the plate line 306 keeps a constant voltage 
during read. 
[0053] In FIG. 3B, an alternative con?guration is illus 
trated, Wherein the diode and the MOS transistor are sepa 
rately formed, thus the device optimization can be indepen 
dently achieved for the diode and the MOS transistor, While 
the area of the memory cell is increased. The MOS transistor 
319 is separately composed of the gate 318, the source 312 
and the drain 314, and the body 313A. And the diode is 
separately formed, Wherein the ?rst terminal 311 is p-type 
and connected to a read Word line (RWL) 317 to activate the 
memory cell, the second terminal 312 is n-type and con 
nected to the storage node 312 of the capacitor 315, the third 
terminal 313 is p-type and ?oating, the fourth terminal 314 
is n-type and connected to a bit line to Write or read data, and 
the plate line (PL) 316 is connected to another electrode of 
the capacitor 315. 

[0054] In FIG. 3C, a read path including the memory cell 
300 (same circuit as FIG. 3A) and a data latch 330 is 
illustrated. In order to read, the read Word line 307 is 
asserted to high, While the Write Word line 308 keeps loW and 
the plate line 306 keep high. And the bit line 304 is ?oating 
from the pre-charged voltage at VL level, after then the read 
Word line 307 is asserted. When the ?rst terminal 301 (Which 
is connected to the Word line 307) is reached to VFP level 
(built-in voltage of p-n-p transistor Q1), p-n-p transistor Q1 
is turned on if the storage node voltage 302 is near ground 
level. By turning on p-n-p transistor Q1, the collector 303 
(?oating node) of p-n-p transistor Q1 is raised and reached 
near the read Word line voltage from ground level. At the 
same time, n-p-n transistor Q2 is turned on, because the 
collector 303 of p-n-p transistor Q1 serves as the base 303 
of n-p-n transistor Q2. Turning on p-n-p transistor Q1 and 
n-p-n transistor Q2, the emitter 304 (also the bit line) of 
n-p-n transistor is raised by the current. Thus the bit line 304 
is raised from ground level, Where the initial voltage of the 
bit line 304 is set to ground level by NMOS 333 With 
pre-charge true (PT) signal, While the NMOS 331 and 332 
are turned on. After then, pre-charge true (PT) signal is 
loWered to ground level before the read Word line 307 is 
asserted. When the bit line 304 is reached to the threshold 
voltage (VTN) of the pull-doWn NMOS 335, pull-doWn 
device 335 is turned on, When the sWitch 332 is turned on by 
the inverter 343 Which is driven by the latch node 337, Where 
the latch node 337 is set by pre-charge-bar (PB) signal. As 
a result, a current path is set up from the read Word line 307 
to the bit line 304, Which is read “1” operation. Hence, the 
read Word line 307 indirectly turns on n-p-n Q2 through 
p-n-p Q1. In other Words, diode access device detects 
Whether the storage node is at forWard bias or not. In this 
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manner, the diode access device serves as a sense ampli?er 
When read. When the current path is set up, the read Word 
line voltage is determined by the result of the voltage 
dividing among the elements, the pull-doWn NMOS 335, the 
four-terminal diode, pull-up device of the read Word line 
driver (not shoWn), and routing resistance. 

[0055] As a result, the read Word line voltage is near the 
sum of the bit line voltage and built-in voltage of the diode 
because the pull-doWn NMOS 335 has loW resistance With 
common gate-drain connection like diode connection, Which 
determines the bit line voltage, and four-terminal diode 
(including p-n-p Q1 and n-p-n Q2) has loWer resistance, 
Where the pull-up device of the read Word line driver has 
high resistance at linear region, and routing resistance is 
negligible. After then, the current mirror 336 repeats the 
amount of the bit line current, Where the current value can 
be controlled by the channel Width, length, and multiple 
mirrors. By the current mirror, the pre-charged node 337 is 
discharged from pre-charged voltage to ground, Where the 
latch node 337 is pre-charged by the PMOS 338 When 
pre-charge bar (PB) signal is at ground level during standby. 
After pre-charging, PB signal is de-asserted before the read 
Word line is asserted. Hence, the data output (DO) of the 
inverter 339 is changed from loW to high, and transferred to 
next stage (not shoWn). After latching the stored data, 
feedback inverter 340 and inverter 339 keep the stored data. 
Simultaneously, the sWitch 332 is turned off by the output 
344 of the inverter 343 (at ground level), thus the data latch 
cuts off the current path of the bit line after reading data “1”, 
in order to reduce the active current. 

[0056] After transferring data output DO, the read Word 
line 307 is de-asserted to VL level to ?nish the read cycle. 
By loWering the read Word line 307 to VL level, the collector 
303 of p-n-p Q1 (also the base 303 of n-p-n Q2) is dis 
charged by the read Word line 307, but the read Word line can 
not fully discharge the collector 303, because p-n-p Q1 is 
turned off When the collector 303 is reached around built-in 
voltage VFP. The remained charges are sWept by the forWard 
bias (from p-type region 303) to n-type region 304 because 
the read Word line does not provide positive charges after 
de-asserted to VL level and the forWard bias leakage current 
sWeeps the remained positive charges. In general, forWard 
bias leakage is much higher than reverse bias leakage. As a 
result, the diode access device can fully cut off the current 
path during standby or unselected after the read Word line is 
de-asserted to VL level. In doing so, the unselected cell does 
not generate any interference or noise When read and Write 
data. Furthermore, the read operation is nondestructive 
because the storage node 302 is still in forWard bias region, 
but the stored voltage is slightly raised from ground level to 
VTN+VCE level. More detailed explanation Will be fol 
loWed in FIGS. 4C and 4D. 

[0057] During read data “1”, the current mirror repeats the 
amount of the bit line current. At the same time, the pull-up 
PMOS of the feedback inverter 340 resists the latch node 
337 to be discharged by the current mirror, Which means that 
the current through the mirror should be higher than that of 
the pull-up device of the inverter 340. When the supply 
voltage is high enough, such as 1.2V, the current ?oW 
through the bit line is high enough to ?ip the latch node 337 
even though the feedback inverter resists. In order to reduce 
the operating voltage, a bias voltage is applied to the pull-up 
device 341 of the feedback inverter, which effectively regu 
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lates the pull-up current. When the read Word line 307 is 
asserted, the bias signal 342 is asserted. On the contrary, the 
slightly strong pull-up device 345 is turned on by the control 
signal 346, When the read Word line is de-asserted, Which 
keeps the stored data after the read Word line is de-asserted. 
In order to reduce the operating voltage, loWer built-in 
voltage is required, Where the built-in voltage is determined 
by the p-n junction of the material. Additionally, loWer 
threshold voltage of the current mirror is required as Well. 
Furthermore, the bias voltage is generated by the dummy 
cell, Which Will be explained in FIG. 7. 

[0058] In order to read data “0”, the read Word line 307 is 
asserted, but p-n-p Q1 is not turned on because the storage 
node 302 is reverse-biased from the ?rst terminal 301 Which 
is connected to the read Word line 307, When the storage 
node voltage is higher than the Word line voltage. Hence, 
read data “0” is quite different from read data “1”. Neither 
the forWard bias is established nor the current path be set up. 
In doing so, p-n-p Q1 and n-p-n Q2 are turned off. The 
storage node voltage is not changed, and the bit line voltage 
is not changed either. And the pre-charged node 337 is not 
changed because the current mirror 336 does not How any 
current. Hence, data output DO keeps VL level. Neither the 
latch device require the reference voltage nor Wait long 
discharging time of the bit line, While the conventional 
comparator type sense ampli?er requires the reference volt 
age to compare, and Waits the bit line to be discharged 
enough voltage because the MOS transistor is sloW With 
shalloW inversion layer. 

[0059] Referring noW to FIG. 4A in vieW of FIG. 3C, I-V 
curve of the memory cell is depicted. By raising the read 
Word line, the diode is tumed-on at Ion When the Word line 
is reached to built-in voltage of the diode. After then, the 
current is saturated at Isat. During saturation, the Word line 
voltage (V WL) is determined by three elements, such as the 
gate voltage (near threshold voltage, VTN) of pull-doWn 
NMOS device (335 in FIG. 3C), the collector-emitter volt 
age (VCE) of n-p-n Q2 in FIG. 3C and the base-emitter 
voltage (VBE) of p-n-p Q1 in FIG. 3C. Once the diode is 
turned on When reading data “1”, the current path is sus 
tained by the feedback loop, Which also sustains the Word 
line voltage (VWL). On the contrary, When reading data “0”, 
the diode does not How any current, except Iolf current 
(reverse bias leakage). And during standby, the read Word 
line is de-asserted to ground level by the roW decoder (not 
shoWn). Hence, there is no standby current except leakage 
current. 

[0060] In FIG. 4B, I-V curve of conventional bipolar 
transistor is illustrated as a reference. The bipolar transis 
tor’s usefulness may be terminated as the collector voltage 
is increased, Which is called “punch-through” or “reach 
through” as described in the reference, “Microelectronics: 
Digital and Analog Circuits and Systems”, pp. 83, Jacob 
Millman, Ph. D. 1979 MacGraW-Hill, Inc. ISBN 0-07 
042327-X, Where punch-through is occurred When the base 
collector voltage reaches a certain (device speci?c) value, 
the base-collector depletion region boundary meets the 
base-emitter depletion region boundary. When in this state 
the transistor effectively has no base. The device thus loses 
all gain When in this state. Thus, punch-through should be 
avoided having enough base area, or reducing the collector 
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emitter voltage. In the present invention, punch-through is 
simply avoided by selecting Wide base region or reducing 
the collector-emitter voltage. 

[0061] In FIG. 4C, more detailed read operation is illus 
trated With I-V curve in linear scale. By raising the read 
Word line, the forWard bias is set up from the read Word line 
to the storage node When the storage node is near ground 
level. Thus, a current path is established at Ion point, Which 
means that the NMOS pull-doWn transistor is turned on by 
the current path. After then, the read Word line is raised 
higher. As a result, the current path is saturated at Isat point, 
because the read Word line is raised by the strong driver. In 
contrast, the reverse bias is set up When the storage node is 
higher than the supply voltage, Which is read “0”. Hence, no 
current path is set up except the reverse bias leakage current. 

[0062] In FIG. 4D, I-V curve in log scale is illustrated, 
Wherein the current path is established at Ion point, and the 
current path ?oWs more current at Isat point When the read 
Word line voltage is raised higher. When the storage node 
voltage is in forWard bias, the current is increased exponen 
tially from Ion point to Isat point. This graph shoWs that the 
diode sets up a current path as long as the forWard bias, but 
the amount is different depending on the voltage, Which 
means the strong forWard bias can set up higher current How 
to the pull-doWn device. This means that the high operating 
voltage can set up higher current, and achieves fast access 
time. When the stored voltage is higher than the supply 
voltage, the reverse bias is set up, but the reverse bias 
leakage is less affected depending on the stored charge as 
long as the storage node voltage is higher than the read Word 
line voltage, Which voltage is near the supply voltage When 
read. 

[0063] In FIG. 5A, more detailed read path is illustrated as 
the present invention. In the memory array, multiple 
memory cells are connected to read Word line 501 and a 
plate line 506, such that the memory cell 500A stores data 
“1” in the storage node 502A, the memory cell 500B stores 
data “0” in the storage node 502B, and dummy cell 500D 
stores data “1” in the storage node 502D. When read, at least 
one memory cell is turned on, in order to sustain almost 
same voltage of the read Word line 501 regardless of the data 
pattern. In doing so, single or multiple dummy cells are 
added to limit the read Word line voltage, as explained in 
FIG. 4A. Without dummy cell, the Word line voltage can be 
reached to VH level by the pull-up device 520 of the Word 
line driver, When all the stored data are “0” because all the 
memory cells are turned off. In order to apply strong reverse 
bias during read, the read Word line voltage is sustained 
slightly loWer than VH level by turning on at least one 
dummy cell, and the current does ?oW through the pull 
doWn NMOS 521. 

[0064] Thus, the read Word line voltage is determined (as 
VWL in FIG. 5B), such that the read Word line voltage is the 
sum of three elements, such as the gate voltage VGS (near 
threshold voltage of pull-doWn NMOS 521), VCE (the 
collector-emitter voltage of n-p-n Q2 in FIG. 3C), and VBE 
(near built-in voltage of p-n-p Q1 in FIG. 3C), Where the 
gate voltage VGS is 0.25~0.3V range in recent MOS tran 
sistor, VCE is loWer than 0.1 v Which is ignorable With 
strong bipolar gain, and VBE is 0.6~0.8V for silicon, for 
example. In addition, the voltages depend on the ratio 
among the resistances of three elements. Moreover, the read 
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Word line voltage depends on temperature, because thresh 
old voltage of MOS transistor and built-in voltage of bipolar 
transistor are decreased as temperature is increasing. As 
shoWn example in FIG. 5B, the read Word line voltage VWL 
is 1.1V at 0° C. As temperature is increasing, the read Word 
line voltage is decreased to 0.85V at 1000 C. More detailed 
current-voltage curves are illustrated in FIGS. 5C, 5D and 
5E. The l-V curve of pull-doWn NMOS transistor 521 is 
shoWn in FIG. 5C, Wherein the threshold voltage of NMOS 
transistor is VTN, and the applied voltage of the transistor is 
VGS, Where VGS level is determined by the current ?oW 
including pull-doWn NMOS, p-n-p-n diode and pull-up 
PMOS. Thus, VGS level is near threshold voltage of NMOS 
transistor When the diode is fully turned on and in latching 
state With the feedback loop, but VGS level is only slightly 
changed When the current is changed more because the 
curve is very steep above the threshold voltage of NMOS 
transistor. The l-V curve of base-emitter of p-n-p transistor 
is shoWn in FIG. 5D, Wherein built-in voltage (or threshold 
voltage) of p-n-p Q1 transistor is VFP, and the applied 
voltage of the transistor is near VBE level, Where VBE level 
is determined by the current ?oW including pull-doWn 
NMOS transistor, p-n-p-n diode and pull-up transistor 520. 
Thus, VBE level is near built-in voltage, but VBE level is 
only slightly changed When the current is changed more 
because the curve is very steep above the built-in voltage of 
p-n-p Q1 transistor. In FIG. 5E, l-V curve of pull-up device 
520 is shoWn, Wherein the applied voltage of pull-up tran 
sistor 520 is determined by subtracting the Word line voltage 
VWL from VH level of supply voltage, Which curve is less 
steep, thus the applied voltage of pull-up PMOS is varied by 
the read Word line voltage. The applied voltage of pull-up 
transistor is VH-VWL as shoWn in FIG. SE. 

[0065] And the bit line voltage is near VGS level if the bit 
line resistance is ignorable, and the collector-emitter voltage 
VCE of n-p-n Q2 is relatively loW because collector current 
is much higher than base current When the bipolar transistor 
is turned on in nature. Hence, VCE level is loWer, Which is 
ignorable. In this respect, the storage node voltage (VTN') is 
very close to VTN level, When the stored data is “1”, Where 
VTN'=VTN+VCE, and VTN'=VWL-VBE as shoWn in FIG. 
5B. 

[0066] By asserting the read Word line 501, the memory 
cell 500A and 500D are turned on because the forward bias 
is set up from the read Word line 501 to the storage nodes, 
Where the storage node 502A and 502D are near ground 
level. After read, the storage nodes are raised to VTN' level 
by the current ?oW. And then, the storage nodes are leaked 
by the reverse bias leakage through the emitter Which is 
connected to the read Word line 501 at VL level during 
standby, Which helps to read data “1” by establishing the 
stronger forWard bias for the next read cycle. 

[0067] When the stored data is “0”, there is no current 
path, such that the memory cell 500B is not turned on 
because the storage node voltage 502B is higher than the 
read Word line level (VWL), Which results in reverse bias. 
With no current consumption When read “0”, poWer con 
sumption is reduced. When all the memory cells store data 
“0”, only dummy cells are turned on, in order to apply strong 
reverse bias for the memory cells storing data “0”. Turning 
on dummy cells, the read Word line voltage is limited loWer 
than VH level as explained above, at VWL level. 
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[0068] Referring noW to FIG. 6A in vieW of FIGS. 5A and 
3C, timing diagram for read “1” operation is illustrated. In 
order to start read cycle, the read Word line (RWL) 601 is 
asserted, While the plate line (PL) 606 keeps constant 
voltage and the Write Word line keeps loW (not shoWn). 
Thus, the read Word line voltage is reached to VWL level. 
When the stored data is “1”, the storage node (SN) 602 is 
near ground level. By asserting the read Word line (RWL) 
601, a forWard bias is established. And then, the ?oating 
node (FN) 603 (Which serves as the base 303 of n-p-n Q2 in 
FIG. 3C, and also the collector 303 of p-n-p Q1 in FIG. 3C) 
is raised near Word line voltage. At the same time, n-p-n Q2 
is turned on, Which raises the bit line 604. When the bit line 
604 is reached to threshold voltage (VTN) of pull-doWn 
NMOS 621, the pull-doWn NMOS is turned on. The bit line 
current lBL1 is appeared, such that Ion current is set up at 
the beginning of the asserting of the read Word line. After 
then, the current path is saturated at lsat, thus, the storage 
node (SN) is raised around VTN' level, and the bit line keeps 
around VTN level. While the read Word line 601 is enabled, 
the control signal 612 sets up a bias voltage for the feedback 
inverter as shoWn 341F1G. 3C. And the control signal 341 in 
FIG. 3C is disabled after the Word line is de-asser‘ted. And 
then, the control signal turns on the strong pull-up device 
345 With another control signal 346 in FIG. 3C. In order to 
reduce the operating voltage for the memory array, the ratio 
betWeen the current mirror (336 in FIG. 3C) and the feed 
back inverter (340 in FIG. 3C) is carefully adjust such that 
the current ?oW through the current mirror is 10 times 
higher, because the bit line current is drastically reduced at 
loW voltage, Where the bit line current is determined by the 
built-in voltage of the diode and the threshold voltage of the 
pull-doWn NMOS. Furthermore, the current is reduced at 
cold temperature. In order to reduce the operating voltage 
and increase the bit line current, germanium diode and 
Schottky diode can be useful. HoWever, leakage current is 
relatively higher. Thus, retention time Will be reduced, 
Which means that more refresh cycles are required for the 
system applications. Additionally, loW threshold MOS tran 
sistor is available to reduce the operating voltage, Which 
requires more process steps, such as additional implant 
mask. 

[0069] Referring noW to FIG. 6B in vieW of FIG. 5A, 
timing diagram for read “0” operation is illustrated. The 
Word line 651 is asserted to start reading data, Where the 
plate line (PL) 656 keeps constant voltage and the Write 
Word line keeps loW. Unlike read “1”, When the read Word 
line 651 is raised, the forWard bias is not established 
betWeen the storage node 652 and the read Word line 651, 
because the storage node 652 is higher than VH level. 
Hence, reverse bias is set up. As a result, there is no current 
path (IBLO) so that there is only leakage current lolf. Thus, 
the ?oating node (FN) 653 keeps ground level With no 
pull-up current from the p-n-p transistor. Read “0” does not 
consume current from the read Word line 651 to the bit line 
654, Which helps to save active poWer. After reading data 
“0”, the storage node is not changed, and the storage node 
(SN) is still in forWard bias even though the node is slightly 
raised by the diode, thus the read operation is nondestruc 
tive. 

[0070] When reading data “1”, the current is established 
While the Word line is turned on. In order to reduce the poWer 
consumption, a replica delay signal is generated by the 
far-end dummy cell, as shoWn FIG. 6C. And the replica 




















