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SEMCONDUCTOR MEMORIES 

BACKGROUND OF THE INVENTION 

0001) 1. Field of the Invention 
0002 The present invention relates to a semiconductor 
memory, especially a dynamic random acceSS memory 
(DRAM), and more particularly, the present invention 
relates to a Series of cell Structures, arrangements, and 
activation Schemes for high density, low power Semicon 
ductor memories. 

0.003 2. Description of the Background 
0004. A conventional DRAM memory cell, consisting of 
one transistor and one capacitor (referred to as a 1T-1C 
configuration), is commonly used as a semiconductor 
memory when high bit density is required. This technology 
has Several drawbacks and faces Serious complications as 
device dimensions are Scaled Smaller. Most notably, Since 
the DRAM cell has no internal gain, a high capacitance 
element (~30 fR) must be fabricated in each cell to store a 
charge large enough to be adequately detected. Therefore, 
complex capacitor Structures and expensive materials must 
be used to build a device with adequate capacitance, which 
leads to expensive fabrication and incompatibilities with 
Standard logic processes. 
0005. In response to these limitations, small area gain cell 
memory technologies have been proposed. These are con 
figured as 2- or 3-transistor cells in which a charge is stored 
in Such a way that the conduction of a readout transistor is 
altered, thus providing internal gain. However, these tech 
nologies exhibit various problems that limit their widespread 
acceptance. Among these problems, cell size is still much 
larger than that of DRAM. This is due to the extra area used 
for additional transistors or spacing due to wire routing. For 
example, in many cells, two data and two word lines are 
necessary, limiting the cell size to twice the line pitch. 
0006 Other problems exhibited by gain cell technologies 
include short retention periods due to low Storage capaci 
tance and high leakage currents. In addition, driving and 
Sensing Schemes are often more complex than those found in 
conventional DRAM memories. Complex fabrication pro 
ceSSes may be necessary for multi-transistor gain cells, 
further reducing the likelihood of their use as a replacement 
for DRAM. 

SUMMARY OF THE INVENTION 

0007 According to at least one preferred embodiment of 
the present invention, a memory is provided comprising a 
plurality of memory cells, each containing a gain cell 
Structure. Furthermore, the present invention comprises a 
method of writing information in which the Stored charge on 
the Storage node has an inverse relation to the Voltage of the 
data line. Whereas in a conventional memory the Storage 
node is connected to a write data line through a write 
transistor, according to the present method the node nor 
mally attached to a write data line is fixed at a constant 
reference Voltage. In this case, a constant Voltage is written 
to the Storage node regardless of the State of information. 
0008 Additionally, the capacitance between the data line 
and the Storage node is exploited to write information to the 
cell. The voltage of this data line determines the information 
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during the write operation. Before the write word line is 
activated, the data line is Set in an inverse relation to the 
desired Stored Voltage value. The word line is Subsequently 
activated and a charge is transferred to the Storage node Such 
that it is equalized to the constant Voltage of the reference 
node. After the word line is deactivated, isolating the Storage 
node from the reference Voltage node, the data line is 
restored to its Standby State Voltage. This change in Voltage 
of the data line causes a change on the Storage node due to 
a capacitive relationship between the data line and the 
Storage node, resulting in information being Stored in the 
cell. 

0009. A semiconductor memory cell may achieve a 
Smaller area by Sharing the reference node between adjacent 
cells. In addition, Since a constant Voltage is written to the 
Storage node, an additional Voltage boost circuit for the word 
line becomes unnecessary, thus reducing the area required 
by the memory array peripheral circuits. This technique is 
used in several 2T and 3T memory cell structures presented 
according to the present invention. 
0010 Further, according to at least one embodiment of 
the present invention, a memory cell with internal gain 
having a thin-channel transistor is used as the charge transfer 
element to the Storage node. This thin-channel transistor 
may be fabricated in Several ways, but it is defined as having 
a channel region with a thickneSS less than or equal to 5 nm. 
The thin-channel transistor is characterized by a Source 
drain leakage current of no more than 10 Amperes. With 
this device, a 3-T (3 Transistor) memory cell may be 
fabricated with a retention time of over 100 times that of 
conventional cells, thereby making a 3-T cell a plausible 
Solution as a low power dynamic memory. 
0011. According to the present invention, a memory is 
provided in which the memory cell combines the fixed 
Voltage reference node writing method with the thin-channel 
charge transfer transistor to achieve a high-density, low 
power dynamic memory. This memory cell may be fabri 
cated in a 2-T configuration with a double-gate readout 
transistor and a 3-T cell in which Separate Storage and read 
transistors are included in each cell. In addition, a memory 
derived from the 2-T cell with series-connected memory 
cells arranged in Subcolumns or parallel-connected memory 
cells arranged in Subcolumns is also provided. The present 
invention results in a density approaching or Surpassing that 
of conventional DRAM memories. Also, memory cells of 
this type, with an additional capacitive element to increase 
retention time, are also provided. 
0012. In at least one embodiment, a memory comprises a 
thin-channel transistor used in a memory cell in a four 
transistor (4-T) configuration that exhibits a static operation. 
The memory cell preferably has two access transistors and 
two thin-channel transistors in a cross-coupling, Self-restor 
ing configuration. If the Source-drain leakage current from 
the data line through the bulk transistor is higher than the 
leakage current from the Storage node, a Stable memory can 
be realized, obviating the need for a refresh operation. In 
addition, the thin-channel transistors may be fabricated in a 
much Smaller area than bulk transistors, realizing a drasti 
cally reduced memory cell size. In a further embodiment, a 
Separate two-transistor readout circuit is included in each 
cell to overcome the slow read time of the four-transistor 
cell. In this manner, a low power, high-speed memory cell is 
presented. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

0013 For the present invention to be clearly understood 
and readily practiced, the present invention will be described 
in conjunction with the following figures, wherein like 
reference characters designate the same or Similar elements, 
which figures are incorporated into and constitute a part of 
the Specification, wherein: 
0.014 FIG. 1 is a circuit diagram explaining the capaci 
tive coupling write method of a first exemplary embodiment; 
0015 FIGS. 2A and 2B show access waveforms for a 
capacitive coupling write method circuit of a first exemplary 
embodiment; 
0016 FIG.3 is a circuit diagram for a 3T memory cell of 
a first exemplary embodiment; 
0017 FIGS. 4A and 4B show access waveforms for a 3T 
memory cell of a first exemplary embodiment; 
0018 FIG. 5 shows a view of a conventional 3T memory 
cell configuration; 

0019 FIGS. 6A and 6B show access waveforms for the 
conventional 3T memory cell; 
0020 FIG. 7 is a circuit diagram and voltage table for a 
3T memory cell of a first exemplary embodiment; 
0021 FIG. 8 is a circuit diagram for a 3T memory cell of 
a first exemplary embodiment; 
0022 FIG. 9 is the access waveform for a 3T memory 
cell of a first exemplary embodiment; 
0023 FIG. 10 is a circuit diagram for a semiconductor 
memory; 

0024 FIG. 11 shows the write and read access wave 
forms for a Semiconductor memory; 
0.025 FIG. 12 is a circuit diagram for a semiconductor 
memory of a Second exemplary embodiment; 
0.026 FIG. 13 shows the write and read access wave 
forms for a Semiconductor memory; 
0.027 FIG. 14 is a circuit diagram for a semiconductor 
memory of a third exemplary embodiment; 

0028 FIG. 15 shows the write and read access wave 
forms for a Semiconductor memory; 
0029 FIG. 16 is a circuit diagram for a semiconductor 
memory of a fourth exemplary embodiment; 

0030 FIGS. 17A and 17B shows the write and read 
access waveforms for a Semiconductor memory of a fourth 
exemplary embodiment; 

0.031 FIG. 18 is a circuit diagram for a semiconductor 
memory of a fifth exemplary embodiment; 

0032 FIGS. 19A and 19B shows the write and read 
access waveforms for a Semiconductor memory; 
0.033 FIG. 20 is a circuit diagram for a semiconductor 
memory of a Sixth exemplary embodiment; 

0034 FIGS. 21A and 21B shows the write and read 
access waveforms for a Semiconductor memory of a Sixth 
exemplary embodiment; 
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0035 FIG. 22 shows a layout pattern for the semicon 
ductor memory array of a Seventh exemplary embodiment; 

0036 FIG. 23 is a schematic view for a semiconductor 
memory array; 

0037 FIG. 24A and 24B are cross-sectional views of a 
Semiconductor memory array Structure of a Seventh exem 
plary embodiment; 
0038 FIG. 25 shows a layout pattern for a semiconduc 
tor memory array; 

0039 FIG. 26 is a schematic view for a semiconductor 
memory array of a ninth exemplary embodiment; 

0040 FIG. 27 is a cross-sectional view of a semicon 
ductor memory array Structure of a tenth exemplary embodi 
ment, 

0041 FIG. 28 shows a layout pattern for a semiconduc 
tor memory array; 

0042 FIG. 29 is a schematic view for the semiconductor 
memory array; 

0043 FIG. 30 is a cross-sectional view of a semicon 
ductor memory array Structure of an eleventh exemplary 
embodiment; 

0044 FIG. 31 shows a layout pattern for a semiconduc 
tor memory array; 

004.5 FIG. 32 is a cross-sectional view of a semicon 
ductor memory array Structure, 

0046 FIGS. 33A and 33B are cross-sectional views of a 
Semiconductor memory array Structure of a twelfth exem 
plary embodiment; 
0047 FIG. 34 shows a layout pattern for a semiconduc 
tor memory array of a twelfth exemplary embodiment; 

0048 FIG. 35 is a schematic view for a semiconductor 
memory array; 

0049 FIG. 36 shows a layout pattern for a semiconduc 
tor memory array; 

0050 FIG. 37 is a circuit diagram for a semiconductor 
memory of a Sixteenth exemplary embodiment; 

0051 FIGS. 38A and 38B shows the write and read 
acceSS waveforms for a Semiconductor memory; 

0052 FIG. 39 is a circuit diagram for a semiconductor 
memory of a Seventeenth exemplary embodiment; 

0053 FIGS. 40A and 40B shows the write and read 
acceSS waveforms for a Semiconductor memory; 

0054 FIGS. 41A and 41B are cross-sectional views of a 
Semiconductor device of an eighteenth exemplary embodi 
ment, 

0055 FIGS. 42A and 42B are cross-sectional views of a 
Semiconductor device, 

0056 FIGS. 43A and 43B are cross-sectional views of a 
Semiconductor device, and 

0057 FIGS. 44A and 4.4B are cross-sectional views and 
layout patterns for a Semiconductor device. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

0.058 It is to be understood that the figures and descrip 
tions of the present invention have been Simplified to 
illustrate elements that are relevant for a clear understanding 
of the present invention, while eliminating, for purposes of 
clarity, other elements that may be well known. Those of 
ordinary skill in the art will recognize that other elements are 
desirable and/or required in order to implement the present 
invention. However, because Such elements are well known 
in the art, and because they do not facilitate a better 
understanding of the present invention, a discussion of Such 
elements is not provided herein. The detailed description 
will be provided herein below with reference to the attached 
drawings. 
0059. In at least one preferred embodiment of the present 
invention, a memory cell is comprised of at least one Switch 
element SW connected to one Storage capacitor CS at the 
storage node NS, as illustrated in FIG. 1. The Switch 
element SW is tied either to a fixed voltage reference node 
TR or a write data line. In addition, there is a data line DL 
that is connected to the cell in Such a way that the relation 
ship of the charge Stored on the capacitor is inversely related 
to the Voltage of the data line during the write word line 
activation period of the write cycle, for example a capacitive 
coupling CD between the data line and the storage node NS. 
0060. The method of writing information can be 
explained in the following manner in which binary value 
data is Stored. In the case of writing a low value data as 
illustrated in FIG. 2a, the data line DL is held at the same 
Voltage as it is during the data Store State. Thereafter the 
write word line WLO activates Switch SW, allowing a charge 
to be transferred to the storage node NS Such that the voltage 
on the Storage node is equal to the fixed voltage of the 
reference node TR. The charge transfer Switch SW is sub 
sequently deactivated through the word line WL0, leaving a 
Voltage on the Storage node NS equal to the Voltage of the 
reference node Vr, representing a low value. 
0061 The high value data write operation is now 
described and illustrated in FIG. 2b. Initially, the data line 
DL is set at a voltage lower than that of the standby state. 
Thereafter, the Switch SW is activated and deactivated in a 
Similar manner to the low value data write operation, caus 
ing the Storage node Voltage VNs to equalize to the reference 
node Voltage V. At this point, the data line DL is restored 
to the Voltage of the Standby State. Since there is Some 
mechanism, Such as a capacitive coupling CD, which links 
the data line DL and the storage node NS, the voltage on the 
Storage node will rise in Some proportion to the change in 
Voltage on the data line. 
0.062 For the diagram in FIG. 1, the voltage on the 
storage node NS will be equal to V+V*CD/(CS+CD), 
where V, V, CD, and CS are the Voltage of the 
reference node, the change in Voltage on the data line, the 
data line to Store node capacitance, and the Store node 
capacitance, respectively. In this manner, a Voltage value has 
been stored in the cell that is distinct from the case in which 
the Voltage on the data line was not changed. Similarly, an 
inverse relation between the data line Voltage and the cell 
Storage charge is exhibited. This is in contrast to the con 
ventional case, in which the Voltage on the data line DL is 
directly transferred to the Storage node NS through a con 
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ductive path. For a conventional write method, Since the 
Voltage on the Storage node NS is Set in a proportional 
manner to the Voltage on the data line DL during the charge 
transfer phase, the charge on the Storage node is directly 
proportional to the Voltage on the data line. 

0063 As an example of a write method permitted by this 
invention, consider the ideal circuit of that shown in FIG. 1 
in which there is a storage capacitor CS with a value of 1 ff, 
a Switch SW connected between the Storage capacitor and a 
ground terminal TR (OV), and a data line DL at a standby 
voltage of 2V with a capacitance CD of 1 ff connected 
between the data line and the storage node NS. During the 
write of the low value data as illustrated in FIG. 2a, the data 
line DL voltage is maintained at 2V while the charge transfer 
Switch SW is opened. The voltage on the storage node NS 
equalizes to OV when the word line WLO is raised to 2V. 
After equalization, the word line is lowered to OV, deacti 
vating the write Switch SW. In this manner, OV has been 
Stored on the Storage capacitor CS. 

0064. During the write of the high value data as shown in 
FIG.2b, the data line DLvoltage is lowered to OV. When the 
Switch SW is activated, the storage node NS once again 
equalizes the Source and drain Voltages, Storing OV on the 
Storage capacitor CS as in the low value write process. At 
this point, the data line DL is restored to 2V. The capacitive 
coupling CD between the data line DL and the Storage node 
NS causes a Voltage increase according to the equation: 
Change in Voltage (node)=Change in Voltage (data 
line)*C(data line to storage node)/C(total at Storage node) 
VN=VD*CS/CTOT). In this case, the total capacitance is 2 
fF, and thus, a change of 1 V is observed at the Storage node 
NS. In this manner, the low data value is OV and the high 
data value is 1 V. 

0065. Several phenomena are worth pointing out for this 
Scheme. One is that the lowering and raising of the data line 
DL Voltage will have no effect on memory cells connected 
to it that are not being accessed. This is because there is no 
path for the stored charge to move from the storage node NS 
even if the data line DL deviates from its standby voltage. 
Another effect is that all memory cells connected to the word 
line WLO will be simultaneously written. This necessitates 
either new value data to be present on the data line DL or the 
previous contents of the cell must be present on the data line 
to avoid changes to the Stored data. The Specific benefits 
regarding Semiconductor memories will be explained below. 

0066. The fundamental write operation has thus been 
described in which two distinct Voltage values can be Stored 
in a cell having a Stored charge inversely proportional to the 
change in Voltage on the data line. This operating concept, 
hereafter referred to as the “capacitive coupling write 
method,” is used in at least one of the embodiments pre 
Sented in this invention. The capacitive coupling write 
method can be extended to multiple data values by Setting 
the data line to appropriate Voltage values before the word 
line is activated, then restoring the data line to the Standby 
Voltage level. In this manner, multiple value data is Stored in 
each cell, increasing the data density of the memory. Also, 
this operation does not preclude the use of an additional 
write data line as well. For example, the write data line 
Voltage may be set to a certain level to ensure a fast write 
time and Set to another level to ensure a long data retention. 
In addition to adjusting the Voltage level of the read data 
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line, the Voltage level of the write data line can in part 
determine the data value of the Storage node during the read 
operation. In this case, a high Voltage is applied to the data 
line during a high data write cycle and a low Voltage is 
applied to the data line during a low data write cycle. 

0067. A first exemplary embodiment of the present inven 
tion permits a Semiconductor memory based on the capaci 
tive coupling write method and comprises three transistors 
in a single memory cell MC, as illustrated in FIG. 3. Each 
memory cell MC comprises a storage transistor QS in which 
the gate of the transistor QS acts as the capacitor element of 
the storage node NS. A write transistor device QW used as 
the charge transfer element (i.e., SW) is activated by a write 
word line WW0 and is connected between the storage node 
NS and a fixed voltage reference TR. In addition, the data 
line DL is electrically connected to Storage transistor QS by 
a capacitor CD. A read transistor QR is connected between 
the Source of the Storage transistor QS and a fixed voltage 
reference TR with a read word line WR0 electrically con 
nected to the gate terminal. 
0068. This structure can be compared with the conven 
tional 3T structure as shown in FIG. 5. In the conventional 
cell, each memory cell MC consists of a storage transistor 
OS, a read transistor OR, and a write transistor OW as in the 
cell presented in this embodiment. However, the read tran 
sistor QR is directly connected to a read data line DRO and 
the drain of the Storage transistor QS, the Source of the 
Storage transistor is connected to a fixed Voltage reference 
TR (OV) and the gate terminal acts as the storage node NS, 
and the write transistor OW connects a write data line DW 
and the storage node NS when activated by a write word line 
WWO connected to the gate terminal. 

0069. One difference between these structures is that for 
the conventional case the Voltage Stored on the Storage node 
NS is set to the value of the write data line DW during 
access, as shown in the waveforms of FIGS. 6A and 6B. For 
the write operation, a Voltage is presented to the write data 
line DW before the write word line WW0 is activated, a high 
voltage (2V) to write a high Voltage data, and a low voltage 
to write a low voltage data. After the write word line WW0 
is raised over one threshold voltage Vt above the Supply 
voltage (2.5V), the storage node Voltage is equalized to the 
write data line DW, followed by the deactivation of the write 
transistor QW by the lowering of the write word line WW0. 
The data line DW is then set to the voltage of the standby 
State (OV). In this manner, a charge is set on the Storage node 
NS directly proportional to the voltage present on the write 
data line DW during the period when the write word line 
WWO is activated. 

0070 The write operation, shown if FIGS. 4A and 4B 
for the memory presented in this exemplary embodiment is 
based on the capacitive coupling method as described above, 
wherein a write word line WW0 activates the write transistor 
QW, equalizing the Storage node NS and the fixed Voltage 
reference TR. The data line DL voltage is adjusted in an 
inverse proportion to the desired Storage node Voltage before 
write word line WW0 activation and is restored to its 
Standby Voltage after the write operation. In other words, the 
data line DL is set at a low voltage (OV) for a high Storage 
node data and a high Voltage (2V) for a low storage node 
data. After the storage node NS is equalized to the fixed 
voltage reference TR (OV), the data line DL is restored to the 
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Standby State Voltage (2V). Because a capacitive connection 
CD exists between the data line DL and the storage node NS 
consisting of the Sum of the gate-Source capacitance of the 
Store transistor QS and the capacitance from the wire to the 
node, an increase in the Voltage on the data line DL will 
cause an increase in the Voltage on the Storage node NS. 
Since the data line DL is unchanged when writing a low bit, 
as in FIG. 4A, the storage node NS remains at the reference 
voltage (OV). 
0071) If restoring from a low voltage (OV) to the standby 
voltage state (2V), as in FIG. 4B, a voltage is induced on the 
storage node NS according to Vd Cd/Ctot, where Vd, Cd, 
and Ctot are the change in Voltage on the data line, the 
capacitance from the data line to the Storage node, and the 
total capacitance of the Storage node, respectively. For 
example, if Vd=2V, Cd=1 ff, and Ctot=2fP, a voltage of 1V 
is coupled to the Storage node NS. Clearly, a higher Signal 
margin is achieved with a higher change in data line Voltage 
and a higher ratio of data line to Storage node capacitance 
CD versus total Storage node capacitance. It is notable that 
if the Storage device enters the conduction region as the data 
line DL is restored to its Standby State Voltage, the data line 
to Storage node capacitance CD increases Since the gate 
Source capacitance increases due to the conduction of the 
channel. 

0072. In the memory cell of this embodiment, since 
information is represented by a Voltage Set on the gate of the 
Storage transistor OS, an adequate method of determining 
this data is to Sense the change in conduction of the Storage 
transistor. A read operation comprises Setting the read tran 
Sistor QR in the conduction region by activating the read 
word line WR0, then sensing the current generated through 
the data line DL or a by-product of this phenomenon. Since 
the conduction of the Storage transistor QS depends on the 
Voltage of its gate electrode, the current through the cell 
depends on the value of the data Stored. In this embodiment, 
this conduction is Sensed through a voltage Sense amplifier 
SA connected to the data line DL. Before the read operation, 
the data line Voltage is precharged to a Set Voltage and is then 
left floating. When the read word line WRO is activated, the 
current drawn through the memory cell MC will cause a 
corresponding decrease in the Voltage level of the data line 
DL resulting from the decrease in the charge Stored on the 
data line. A Voltage Sense amplifier SA is used to Sense this 
change in Voltage and generate a digital Signal correspond 
ing to the information value of the memory cell MC. 
0073. It is worth noting the benefits of the memory 
structure in this embodiment, which combines the write 
technique of the first exemplary embodiment with a 3T 
memory cell structure. FIG. 7 shows a 2x2 array of the 
memory of this embodiment, illustrating that by Setting the 
write data line to a value that is independent of the data 
written, adjacent memory cells can share this node. Whereas 
in the conventional 3T case, a separate data line must be 
used for adjacent cells, this method allows the Size of the 
memory cells to be reduced by Sharing a single connection 
with an adjacent cell. 

0074. In addition, this technique does not require a word 
boosting technique, as is required for the conventional case. 
In the conventional case, a high and low value is written to 
the storage node by presenting Vdd (2V) or OV to the write 
node, respectively. In the case of writing Vdd to the Storage 
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node, for a threshold voltage of the write transistor Vit (i.e., 
0.5V), a word line voltage must be boosted to Vdd--Vt (i.e., 
2.5V) to ensure adequate Voltage transfer. For the capacitive 
coupling write method presented in this invention, Since the 
write node can be set to a low voltage (OV), the write voltage 
can be set So that it does not require a boosted voltage (i.e., 
2V). In other words, because a low voltage is written in both 
cases, the write Voltage always maintains a difference larger 
than Vt even without a boosted voltage circuit. Therefore, 
this memory can reduce the size of the peripheral circuits as 
well as operation power Since high area, high power word 
boosting circuit techniques are obviated. FIG. 7 also lists an 
example of the operating Voltages for an array of memory 
cells during the read, write, and Standby States. Voltage 
boosting or down converting is not necessary for operation 
of this memory device. 

0075. In the memory cell of this embodiment, an N-chan 
nel device or P-channel device can be used as the Storage 
device, or efforts can be made to adjust the threshold Voltage 
of the device So that the data line to Source node capacitance 
is increased during the write operation. In order to explain 
the occasions when these cases may be beneficial, a more 
accurate circuit diagram of the cell is presented in FIG. 8. 
In an actual Semiconductor memories, there will exist a 
capacitance CW between the write word line WW0 and the 
Storage node NS as well as a capacitance CI between the 
storage node NS and the intermediate node NI shared by the 
read transistor QR and the Storage transistor QS. 

0.076. During a write operation as illustrated in FIG. 9, 
after the Storage node NS Voltage is equalized to the write 
data node reference TR, the write word WW0 voltage is 
lowered to deactivate the write transistor OW. Since there is 
a capacitance CW between the write word line WW0 and the 
Storage node NS, a Voltage will be coupled to the Storage 
node according to the equation VW*CW/CTOT, where VW, 
CW, and CTOT are the voltage change of the word line, the 
capacitance between the word line and the Storage node, and 
the total capacitance of the Storage node equal to the Sum of 
CW, CS, CD, and CI, respectively. In this case, the voltage 
on the Storage node is less than the value predicted if there 
is no capacitance between the word line WW0 and the 
storage node (CW=0 in FIG. 9). There are some cases where 
the Voltage Stored for both data values is too low to cause the 
Storage transistor QS to enter the conduction region ("Large 
CW" in FIG. 9). In other words, the voltage may be below 
the threshold Voltage for the N-channel Storage transistor 
(Vt(QS) in FIG. 9). 
0077. An additional concern is the capacitive coupling CI 
between the intermediate node NI, and the Storage node. In 
the Standby State for the high value data, the Voltage of the 
intermediate node NI will be at roughly the value of the read 
data line Since the Storage transistor QS is in the conduction 
region. During the read period, however, the Voltage will 
decrease once the read transistor QS is activated. The 
decrease in Voltage of the intermediate node NI will cause a 
decrease in Voltage of the Storage node NS according to 
Vi Ci/Ctot, where Vi, Ci, and Ctot are the change in voltage 
at the intermediate node, the capacitance between the inter 
mediate node and the Storage node, and the total capacitance 
of the Storage node, respectively. 

0078. This operation may cause the voltage of the storage 
node in the high value state to drop below the point at which 
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the Storage transistor QS conducts. One Solution if there is 
a lack of conduction in either data State is to alter the 
threshold Voltage of the Storage transistor QS during pro 
cessing So that at least the high value Voltage is adequate to 
activate the read transistor QR into the conduction region. 
For an N-channel device, lowering the threshold voltage of 
the Storage transistor QS may permit the device to conduct 
in the case where a Standard threshold Voltage is too high. 
Another Solution is to Substitute a P-channel Storage tran 
sistor for the N-channel device. In the case of a P-channel 
device, the lower Voltage State of the Stored data will 
produce more conduction. Therefore, the negative Voltage 
induced by the word line lowering and the intermediate node 
lowering will actually produce a greater conduction. 

0079. In addition, the N-channel write device may be 
replaced by a P-channel device. In this case, the word line 
polarity must be reversed, causing an increase in the Voltage 
of the Storage node on deactivation. The combination of 
these techniques can be considered Such that the memory 
cell conducts an adequate current during the read operation 
for at least one of the data States of the memory cell. In 
Summary, there are cases when an N-channel or P-channel 
Storage transistor QS is more appropriate in this embodiment 
and later embodiments due to the effects explained here, 
namely an interaction of the various capacitances in the cell 
the prohibit adequate read operation for one of the types of 
transistors. 

0080. An array configuration with peripheral circuits for 
the Semiconductor memory of this exemplary embodiment is 
shown in FIG. 10. Each memory cell MC contains the 
previously described 3T configuration and is connected to a 
data line D0. An array of memory cells with multiple data 
lines and multiple read and write word lines is arranged in 
a memory block MB0. In addition, a control block CB that 
controls the read WR0, WR1 and write WW0, WW1 word 
line Signals is connected to the memory cells. 

0081. An additional component of this embodiment is a 
differential Voltage Sense amplifier SA used to determine the 
value of the information in the accessed memory cell. The 
amplifier SA comprises a pair of N-channel transistors (Q3, 
Q4) and a pair of P-channel transistors (Q1, Q2) in a 
Self-restoring flip-flop configuration. This configuration is a 
Suitable candidate because it may be fabricated in the Small 
pitch of the memory cell. An additional feature of the Sense 
amplifier SA is a P-channel pass transistor Q7 and an 
N-channel pass transistor Q5 that Separate the memory cell 
data lines from the amplifier SA. When a small differential 
signal of 50-100 mV develops on the data lines during a read 
operation, the cutoff Switches Q5 and Q7 are deactivated by 
the select lines (SP0, SNO) and the data line D0 is separated 
from the amplifier SA. The amplifier is then activated by a 
Separate control Signal TS to generate a full Swing differ 
ential Signal. 

0082) This sense amplifier SA structure has several ben 
eficial features. The first is that since the information stored 
in the memory cell is not destroyed on a read operation, a 
rewrite operation after a read is unnecessary. Therefore, by 
Separating the data lines from the Sense amplifier during the 
amplification Stage, a much faster read operation can be 
expected Since the amplifier does not have to charge the data 
lines. Similarly, Since the data lines are separated, a full 
Voltage Swing is not developed, and during the precharge 
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phase, the data line must be charged by roughly 100 mV as 
opposed to a half-Vdd precharge as Seen in conventional 
DRAM cells. Finally, the difference in data line capacitance 
will inevitably cause a noise Source in the amplifier. Sepa 
rating the data line during data amplification effectively 
reduces this noise Source. 

0.083 Also optionally included in the memory of this 
embodiment is a dummy cell structure D.C. Each column of 
cells preferably includes a single dummy cell DC. This cell 
DC generates a Signal approximately midway between the 
two values generated in a normal memory cell MC. During 
memory cell access, when the read word line is asserted for 
a cell connected to a data line, a dummy word read line is 
asserted for a dummy cell connected to a column whose 
electrical characteristics are approximately matched to the 
column of the memory cell being accessed. The use of the 
dummy cell DC drastically improves the Speed of Sensing 
for Several reasons. Since a differential Voltage Sense ampli 
fier SA is used to discriminate the data, the Voltage of the 
accessed data line must be compared to a reference Voltage. 
A dummy cell DC can generate a Voltage reference rela 
tively insensitive to temperature and proceSS Variations. In 
addition, Several noise Sources are generated during the 
access period, Such as word line to data line noise. Since an 
equivalent noise is generated through the dummy cell DC, 
utilizing a dummy cell effectively cancels out many of these 
noise Sources, reducing the time necessary for the Sense 
amplifier SA to reliably determine the data. 
0084. The memory described in this embodiment is pref 
erably organized in an “open data line' architecture in which 
a Single word line activates a cell in every column over 
which it passes. This enables a higher memory density than 
the "folded data line' architecture used in conventional 
DRAM memories in which a word line activates memory 
cells in only half of the columns over which it passes. 
0085. The access and operation waveforms for the 
memory in this embodiment are shown in FIG. 11. In this 
example, the memory cells connected to write word line 
WW0 are first written, then read in sequence. The lower part 
of the chart is divided into two sections: one for the high data 
write access (WRITE “1”) and one for the low data write 
access (WRITE “0”). The write operation follows the 
capacitive coupling write method described above, with the 
data line D0 set by DIN at an inversely proportional voltage 
to the charge being written. In addition, a data line to Storage 
node capacitance CD is assumed to be one half of the total 
Storage node capacitance CTOT in this example. Therefore, 
for a full data line Swing of 2V in the high data write access, 
a 1 V Signal will develop on the Storage node. 

0.086. In the low data write access, the data line D0 is 
maintained at a high voltage while the word line WWO is 
pulsed to equalize the Storage node NS Voltage to the fixed 
reference TR (OV). Since the data line D0 voltage does not 
change, the Storage node NS Voltage remains at a low State 
(OV) after the write operation. For the high data write 
operation, the data line DL is lowered to the low state (OV). 
The storage node voltage is equalized to 0 when the WW0 
line is pulsed, then a data Signal of 1 V is Stored according to 
the capacitive coupling write method when the D0 line is 
restored to the standby voltage (2V). 
0.087 Data is read according to the procedure described 
earlier in which the WR0 line is activated, causing a 
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decrease in the data line (D0, D1) voltages according to the 
conductance of the memory cell and dummy read transis 
tors. Once a Suitable signal is developed on the data lines, 
the pass transistors Q5, Q6, Q7, Q8 are deactivated by the 
select signals SP0, SN0, SP1, SN1 and the sense amplifier 
SA is activated by the signal TS. Finally, the amplified signal 
is read out to the DOUT terminal. 

0088. The memory described in this embodiment also 
preferably incorporates a refresh method in which the data 
for the row of cells being refreshed is first read and then 
directly written back into the cells. Initially, a Standard read 
operation is performed in which the read word line WRO is 
activated, the P-channel and N-channel pass transistor pair 
(Q5, Q7) is deactivated when an adequate Sensing voltage is 
developed in the differential sense amplifier SA, and the 
Sense amplifier is activated to generate a full Swing Signal. 
Following this operation, the P-channel and N-channel pass 
transistors Q5, Q7 are reactivated to present the fully ampli 
fied signal to the data lines. At this point, a write operation 
is performed in which the write transistor QW is activated 
and deactivated to equalize the Storage node NS to allow the 
capacitive coupling write to occur. For the case of a high 
Voltage Stored in the memory cell with an N-channel Storage 
transistor QS, a read operation will generate a higher current 
than the low Voltage data, resulting in a lower data line 
Voltage than the Voltage of the data line connected to the 
dummy cell DC. Therefore, the differential sense amplifier 
SA will amplify this signal to the low Supply rail. In other 
words, a high voltage Stored in the cell will generate a low 
Voltage in the Sense amplifier SA, and Vice versa. If the low 
Supply Voltage is presented to the data lines and a write 
operation is performed, a high Voltage is rewritten to the 
Storage node according to the capacitive coupling write 
method. Similarly, if the high Supply Voltage is presented to 
the data lines followed by a write operation, a low voltage 
is rewritten to the Storage node. 
0089. In this manner, a simple refresh operation can be 
conducted as described. If a P-channel element is used as the 
Storage element in the memory cell, a low voltage is read 
from the Sense amplifier for a low Voltage on the Storage 
node. Therefore, this rewrite operation must include a Volt 
age inversion circuit. For this reason, an inverter IO can be 
inserted from the DOUT signal to the DIN signal and 
operated only during the refresh portion to ensure correct 
data polarity is rewritten to the cell. Similar to the first 
exemplary embodiment, there are cases in which the 
N-channel Storage transistor can be Substituted by a P-chan 
nel transistor. Alternative refresh methods are also contem 
plated with this embodiment, and exemplary additional 
refresh circuits are described below. 

0090. In a second exemplary embodiment, a memory is 
provided according to FIG. 12, in which the structure of the 
memory cell MC comprises three transistorS Such that a read 
transistor QR is directly connected to the data line D0. In 
addition, a write transistor OW acts as a Switch element from 
a fixed voltage reference TR to the storage node NS and a 
Storage transistor QS is used Such that the gate terminal acts 
as the Storage node NS, with the Source connected to a fixed 
voltage reference (i.e., ground) and the drain connected to 
the source region of the read transistor QR. The write 
operation is based on the capacitive coupling principle 
presented earlier in which the Stored charge is inversely 
proportional to the data line during the charge transfer period 
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of the read operation. The primary difference is that the 
capacitive coupling effect of the write cycle is generated 
from the capacitance between the intermediate node NI and 
the total capacitance of the Storage node NS, further 
described below. 

0091. The benefits of this cell structure result from the 
separation of the storage transistor QS from the data line D0. 
Since the gate electrode Voltage of the Storage transistor QS 
varies according to the data Stored in the memory cell, the 
gate to junction capacitance will also vary. If this junction is 
directly connected to the data line D0, as in the first 
exemplary embodiment, the capacitance of the data line may 
vary Such that the differential Voltage Sensing is disturbed. In 
this embodiment, a read transistor QR is directly connected 
to the data line, presenting a constant bit capacitance to the 
data line, thereby potentially enabling a more robust read 
operation. 

0092. The memory according this embodiment also fea 
tures a folded data line Structure in which a single column of 
memory cells are connected to a pair of data lines D0, D1 
Such that the data lines are electrically balanced. Another 
preferred feature is that a Single word line is only connected 
to one half of the cells that it crosses. Therefore, when a 
word line is activated, only one half of the data lines it 
crosses are activated. This enables differential Signaling that 
cancels noise Sources caused by the raising of the word lines 
and reduces noise Sources due to the capacitance between 
adjacent data lines. 
0093. A sense amplifier SA is provided that has a similar 
structure as that in the first exemplary embodiment. This 
includes a flip-flop pair of two N-channel transistors Q1, Q3 
and two P-channel transistors O2, Q4. 

0094. The sense amplifier SA will output a full voltage 
Swing to the sense amplifier data lines SD0, SDO upon 
activation by a lowering of the N-channel transistor Source 
node TN. In this manner, a differential signal developed on 
the two data lines D0, D1 can be amplified to a full value 
Voltage. 

0095. In this embodiment, two dummy cells DC are 
preferably included in each column with the output of one 
dummy cell connected to one of a pair of data lines D0, D1, 
and the output of the other connected to the other in a pair 
of data lines. AS in the Second embodiment, the dummy cell 
DC is constructed to generate a signal that is roughly 
midway between the two signals generated by a normal 
memory cell. During a read operation, data is presented to 
only one data line of a pair D0, D1 by the accessed memory 
cell. The activation of the dummy word line DR correspond 
ing to the dummy cell DC connected to the other data line 
of the pair will present the reference Signal. This pair is 
presented to the differential sense amplifier SA, which 
amplifies the difference on the data lines to a full Voltage 
Swing as described previously. The dummy cell Solution 
allows an adequate reference to be generated for each data 
line pair D0, D1, resulting in a faster read operation. 
0096. The write operation proceeds according to the 
following principle as detailed by the waveforms in FIG. 13. 
First, a voltage is presented to the data line D0. Similar to the 
first exemplary embodiment, a high Voltage on the data line 
D0 will write a low voltage to the storage node NS, and 
vice-versa. This is followed by an activation of the read 
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transistor QR to pass the data line Voltage to the intermediate 
node NI. When the data line D0 is in the high state, if a 
boosted word read line WR0 voltage is used such that the 
word read line Voltage is greater than or equal to the Supply 
voltage Vdd (i.e., 2V) plus the transistor threshold voltage 
Vt (i.e., 0.5V), then the full signal of the data line D0 can be 
passed to the intermediate node NI. Otherwise, if the word 
read line WR0 voltage is equal to the supply voltage Vdd, 
then the Voltage transferred to the intermediate node Voltage 
is equal to Vdd-Vt (i.e., 1.5V). 
0097. This action is followed by an activation and Sub 
sequent deactivation of the write word line WW0 to equalize 
the storage node NS to that of the fixed voltage reference TR 
of the write transistor input. Next, the voltage of the data line 
D0 is returned to the standby state. For the case that the data 
line rises from 0 to Vdd (2V), the intermediate node voltage 
rises from 0 to Vdd-Vt (1.5V) for the case that the word read 
voltage is set at Vdd (2V). This action will couple a voltage 
to the Storage node NS according to the capacitive coupling 
write method of approximately Vi Ci/Ctot, where Vi, Ci, 
and Ctot are the change in intermediate node Voltage, the 
intermediate node to Store node capacitance, and the total 
capacitance of the Store node. Finally, the read transistor QR 
is deactivated by the read word line WR0, electrically 
separating the cell from the data line D0. 

0098. The memory described in this embodiment prefer 
ably incorporates a refresh method divided into two Separate 
cycles. In the first cycle, the data for the row of cells being 
refreshed is read into a storage register LE. This follows a 
Similar operation as a Standard read cycle in the first embodi 
ment except that after the Voltage is fully developed in the 
sense amplifier SA and the output data line DOUT, the data 
is stored in a register LE through the input TD by the 
activation of the data Store signal at the node TC. In a 
Subsequent cycle, the refresh operation continues with the 
Voltage on the Storage node NS being fully restored. During 
this cycle, the Voltage Stored in the Storage register is 
presented to the input data DIN and passed to the read data 
line D0 directly through the activation of the N-channel and 
P-channel pass transistor pair Q5, O7. After this data is set 
on the read data line, the write word line for the row under 
refresh is activated and deactivated, and then the data line is 
restored to a high Voltage. In this manner, the data can be 
fully refreshed according to the capacitive coupling write 
method. 

0099 For the case where the store transistor is P-channel, 
the data register LE must be of the inverting type. This is 
because for a P-channel Storage transistor QS, a low Signal 
is generated on the data line during read if a high Voltage is 
presented on the data line during the write operation. In this 
case, the Storage register LE must output an inverted Signal 
of the stored bit. One benefit of the division of the refresh 
operation into two cycles is that the access delay due to a 
refresh operation interruption may be reduced. This provides 
for a faster access if there is a refresh interruption versus the 
conventional case where a refresh cycle consists of a read 
operation immediately followed by a rewrite operation. 

0100. A third exemplary embodiment of a memory as 
shown in FIG. 14 includes a basic cell comprising a Storage 
transistor OS and a write transistor OW. The write transistor 
QS has the Source node connected to a fixed Voltage refer 
ence TR and the drain node connected to the gate terminal, 
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or Storage node NS, of the Storage transistor QS. The Source 
node and drain node of the Storage transistor QS are tied to 
a separate read data line DRO and source data line DL0, 
respectively. In addition, the Storage transistor QS contains 
a Second gate above the gate of the Storage gate that is 
connected to a separate read word line WR0 and that forms 
a capacitance element CR between the read word line and 
the gate terminal NS. 
0101 The memory cell in this embodiment optionally 
uses a similar array Structure to that in the first exemplary 
embodiment. Namely, it utilizes an open data line configu 
ration to reduce the cell size, a differential Sensing method 
in which a pair of data lines is input to a differential Voltage 
Sense amplifier SA constructed by a flip-flop pair of two 
N-channel and two P-channel transistors. The sense ampli 
fier SA is separated from the data line by a P-channel and 
N-channel pair of pass transistors. 

0102) The write operation follows a similar method to the 
capacitive coupling write method presented in the first 
embodiment. The procedure is described as follows and is 
illustrated in FIG. 15. During the standby state, the read data 
line DRO is held at a high voltage level (2V) and the source 
data line DL is held at a low voltage level (OV). In order to 
write a low value, the read data line DRO is held constant and 
the source data line DL is raised to a high value (2V). This 
operation is followed by an activation and deactivation of 
the write transistor QW by the write word line WW0 (OV) 
to equalize the Storage node NS with the reference voltage 
TR. Finally, the source voltage is lowered to the low voltage 
level (OV) of the standby state. In this case, the storage node 
NS has an induced voltage of (-Vs. CS/Ctot), where Vs, Cs, 
and Ctot are the change in Voltage on the Source line, the 
capacitance between the Source line and the Storage node, 
and the total capacitance of the Storage node, respectively. 

0103) To write a high level (OV), the read data line DRO 
is first lowered to a low voltage level while the source data 
line DL is held constant. After an equalization of the Storage 
node NS to the reference node TR (OV), the write transistor 
OW is deactivated and the read data line DRO is restored to 
the voltage of the standby state (2V). As the read data line 
DRO is raised, a voltage is induced on the storage node NS 
according to VR*CR/CTOT, where VR, CR, and CTOT are 
the change in voltage on the read data line DR0, the 
capacitance between the read data line DRO and the Storage 
node NS, and the total capacitance of the Storage node NS, 
respectively. A high value for VR and VS as well as a high 
ratio of CR to CTOT and CS to CTOT all contribute to a 
high Signal margin on the Store node. 
0104. A read operation comprises the raising of the 
voltage on the read word line WR0 (2V). Since there is a 
capacitive connection CR between the read word line WR0 
and the Storage node NS, a Voltage will be induced on the 
storage node according to VW*CW/CTOT, where VW, CW, 
and CTOT are the change in voltage on the read word line 
WR0, the capacitance between the read word line WR0 and 
the Storage node NS, and the capacitance of the Storage 
node, respectively. Therefore, during a read operation, the 
Voltage on the gate terminal of the Storage transistor QS is 
given by (-VS*CS+VW*CW)/CTOT and (VR*CR+ 
VW*CW)/CTOT for the low voltage data and high voltage 
data, respectively. Normally, the values are designed Such 
that the Voltage of the gate terminal only exceeds the 
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threshold voltage Vt of the storage transistor QS when the 
read word line WRO is activated. Therefore, only the cell 
currently accessed generates a current on read access. 

0105. This cell structure has the benefit of a smaller area 
Versus the 3T type. In addition, cell area can be reduced 
relative to conventional 2T types Since the input terminal to 
the write transistor QW can be shared between neighboring 
cells. Similarly, a non-boosted write word Voltage can be 
used as in the first exemplary embodiment Since the input 
Voltage of the write transistor from the reference terminal 
TR can be kept at least one threshold voltage below the 
Supply Voltage. An additional note is that during the write 
operation, only one of the Source or read data lines need be 
adjusted to operate a valid memory cell. In other words, the 
activation of the Source data line during the write operation 
for the low Signal can be omitted. Alternatively, the activa 
tion of the read data line during the read operation for the 
high Signal can be omitted. If the Source node is kept at a 
constant Voltage, it is possible to share this data line between 
adjacent cells, further reducing the cell area. 

0106. In the memory cell according to this embodiment, 
the refresh Scheme preferably is similar to the one used in 
the first exemplary embodiment (although it may be an 
alternative refresh scheme). The difference is that the source 
data line DL0 must also be activated along with the read data 
line DRO. The Source data line driver uses the same circuit 
as the read data line, namely, a circuit that passes the Signal 
from the DIN line to the SDL0 line and an inverted signal 
of the DIN line to the SDL0 line. Therefore, the output of the 
DOUT is fed into both the read data line driver and the 
Source data line driver. This action Sets both the Source data 
line DL0 and the read data line DRO to the same voltage 
during the rewrite portion of the refresh operation. In 
addition, P-channel transistors can act as the Storage tran 
sistor QS, in which case the output signal DOUT must be 
inverted by an inverter circuit IE before being transmitted to 
the read data line DRO and Source data line DLO drivers. 

0107 A fourth exemplary embodiment permits a memory 
with the same Structure as used in the third embodiment as 
in FIG. 14 with a difference in that a single word line WLO 
is connected to both the write transistor OW and the second 
gate CR of the storage transistor QS, as shown in FIG. 16. 
In addition, the channel type of the Storage transistor QS is 
the opposite type of the write transistor OW. In this discus 
Sion, it is assumed that the write transistor OW is of the 
N-channel type and the Storage transistor QS is of the 
P-channel type. However, this configuration could be 
reversed without altering the spirit of this embodiment. FIG. 
17A and 17B show the access waveforms for the low data 
write operation and high data write operation, respectively. 
For Simplicity of explanation, the Voltage of the reference 
node TR is 1 V, the capacitance of the Second gate CR and 
the data line to Storage node SN capacitance are both 
assumed to be one-quarter of the total Storage node capaci 
tance. In the standby state, the word line WLO voltage is held 
at Some middle value between the Voltages necessary to 
activate either the write transistor OW or the read transistor 
OR. 

0108) A write operation begins with a similar read data 
line DRO and Source data line DLO activation method as 
described in the third exemplary embodiment. After the read 
data line DRO and source data line DL0 are set at appropriate 
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voltages, the word line WLO is raised to a high voltage that 
activates the write transistor QW and equalizes the Storage 
node NS with the fixed voltage reference TR. Following 
word line W10 deactivation, the read and Source data lines 
are returned to the Standby State, Storing a Voltage value on 
the storage node NS. As in the third embodiment, the stored 
voltage in the high state is Vref-Vr Cr/Ctot and the voltage 
of the low state is Vref-Vs. CS/Ctot. The values are designed 
Such that the low Voltage State does not activate the Storage 
transistor OS. 
0109) A read operation is started when the read data line 
DRO is floated and the word line WLO voltage is lowered. 
The change in Voltage induced on the Storage node is 
-Vw. Cw/Ctot. These values are designed such that the 
Storage transistor QS enters the conduction region for at 
least one of the data values. At this point, a current will flow 
through the memory cell, causing a Voltage change on the 
read data line DRO. After the data has been discriminated, 
the read operation ends with the raising of the word line 
WLO voltage to the standby state. 
0110. In the memory cell MC according to this embodi 
ment, the array Structure, Sense amplifier SA, and refresh 
scheme are all preferably similar to the 2T structure of the 
third exemplary embodiment. This memory array achieves a 
Small area Size due to the use of a Single word line per cell. 
0111. A fifth exemplary embodiment permits a memory 
as shown in FIG. 18 in which the storage transistors QS in 
a Series of 2T memory cells are connected in a parallel 
fashion and employing the capacitive coupling write tech 
nique as presented in the first embodiment. The cell Structure 
is similar to the memory cell in the third embodiment in that 
there is a write transistor QW connected to the gate electrode 
of a Storage transistor QS and a fixed Voltage reference TR. 
Similarly, the Storage transistor QS has a Second gate fixed 
about the first gate that is used to activate the cell when the 
read word line WR0 is raised. The primary difference 
between this memory and that of the third exemplary 
embodiment is that for a Subset MCO of the cells in a 
column, the Source terminal of each Storage transistor QS is 
connected to a Sub-Source data line DSB. This Sub-Source 
data line is in turn connected to the main Source data line DB 
through a Sub-column access transistor QSL when the Select 
line SL is activated. 

0112 The write operation is identical to that of the first 
embodiment and the waveforms are shown in FIGS. 19A 
and 19B. To Summarize, the voltage of the read data line is 
set to a value of the opposite polarity of the write bit and the 
data is Set after the read data line is restored to the Standby 
Voltage. The read operation is similar to the third embodi 
ment in that a read word line WR0 is set at a voltage (2V) 
that activates the Storage transistor QS through the Second 
gate connection. In addition, the Sub-column acceSS transis 
tor QSL is also activated by the select line SLO to enable a 
current path through the memory cell. This cell achieves the 
Small size of the 2T cell with a minimal increase due to the 
Sub-column access transistor OSL. However, this cell over 
comes a possible large leakage current in the normal 2T 
memory by effectively reducing the number of cells con 
nected to the read data line during the read operation. This 
results in a faster read time Since the current from the 
unselected cells is drastically reduced. 
0113. This memory utilizes the same open data line 
Structure, the same differential Voltage Sense amplifier SA, a 
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dummy cell concept, and a similar refresh operation as that 
presented in the first embodiment. However, the peripheral 
circuits and methods presented in the Second embodiment 
(or others) can also be employed if the circumstances 
warrant. In addition, N-channel devices can be substituted 
for P-channel devices in the storage transistor OS if it is 
deemed that the coupling effects from other nodes in the 
circuit prohibit the Storage transistor from entering the 
conduction region. Similarly, the Sub-column access tran 
sistor and cell write transistor may be substituted by P-chan 
nel devices and reverse polarity access Signals. 
0114. A sixth exemplary embodiment describes a 
memory as shown in FIG. 20 in which the storage transis 
tors QS of a Series of 2T memory cells are connected in a 
Series fashion employing the capacitive coupling write tech 
nique as presented in the first embodiment. The cell Structure 
is preferably similar to the Structure presented in the third 
embodiment. In this memory the Storage transistors QS in a 
Sub-column MCO are connected in a Series configuration 
with the drain of one Storage transistor connected to the 
Source of the next Storage transistor in the Series. In addition, 
each Storage transistor QS has a Second gate connected to a 
read word line WR0 as in the third embodiment. A write 
transistor QW connects the Storage gate to a fixed voltage 
reference TR. Each Sub-column is connected to the main 
Source data line DB through an access transistor QL, which 
is connected to the first Storage transistor QSn in the 
Sub-column Series. 

0115) A write operation is described below and the wave 
forms are shown in FIGS. 21A and 21B. In this case, it is 
assumed that the storage node NS of store transistor QSn is 
written. However, this technique can apply to any Storage 
transistor in the Sub-column Series. Initially, a Voltage is 
presented on the read data line DT as designated for the 
capacitive coupling method, a low Voltage on the data line 
to write a high Voltage on the Storage node and a high 
Voltage on the data line to write a low Voltage on the Storage 
node. The read word lines of all of the cells in the Sub 
column with the exception of the read word line of the cell 
currently accessed (WRn) are set to a voltage that puts the 
asSociated Storage transistor in the conduction region regard 
less of the Voltage on the Storage node. In addition, the 
access transistor QL to the Sub-column is activated by the 
select line SL (2V). In this manner, the source and drain 
terminal of the currently accessed Storage transistor QSn 
will be roughly at the Voltage of the Source data line and the 
read data line, respectively. The write word line of the 
accessed cell (WWn) is activated and then deactivated to 
equalize the Storage node Voltage with the fixed voltage 
reference. Following this operation, the Source data line and 
read data line are returned to the Standby Voltage State. This 
action adjusts the Voltage on the Storage node of the accessed 
Storage transistor through the capacitive coupling from the 
gate-Source and gate-drain capacitance of the Storage tran 
Sistor QSn. In this manner, a data value can be Stored in a 
cell. 

0116. The read method involves raising the read word 
lines of the cells in the Sub-column that are not being 
accessed to a point where the transistor is in the conduction 
region regardless of the data being Stored. In addition, the 
Sub-column access transistor QL is activated to provide a 
current path through the sub-column. The read word line of 
the accessed cell (WRn) is set to a voltage in which the 
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conduction of the Storage transistor QSn depends on the data 
Stored. For a high Voltage on the Storage node, a higher 
current will pass through the accessed transistor than for the 
low Voltage data. This current will produce a Voltage change 
on the data line that can be Sensed by a Voltage Sense 
amplifier SA connected to the read data line, thus discrimi 
nating the value Stored in the accessed cell. 

0117 The memory described in this embodiment is orga 
nized in the open data line configuration, utilizes a differ 
ential Voltage Sense amplifier, contains a refresh circuit 
method, and a dummy cell technique that were all presented 
in the first embodiment (or alternative devices). In addition, 
the N-channel transistors may be substituted by P-channel 
transistors as the Storage transistors QS if the N-channel 
devices fail to enter the conduction region under the normal 
operation presented above. This technique achieves a 
Smaller cell area than the parallel connection type of the 
Sixth exemplary embodiment due to the elimination of the 
drain and Source contacts for the Storage transistors. How 
ever, the acceSS Speed will be degraded due to the Series 
resistance of the Sub-column current path. 
0118. A seventh exemplary embodiment permits a 
memory shown in FIGS. 22 to 25 that utilizes a thin-channel 
transistor in the 3T configuration described in the first 
embodiment. FIG. 22 shows the layout of a single cell A24 
Surrounded by other cells in an array configuration. For the 
purposes of clarity, only the layers up to the contact layer for 
metal routing are shown in FIG. 22. The data lines A16 run 
in the vertical direction on the Second metal layer, and the 
common Source lines A7 are arranged in the horizontal 
direction on the first metal layer. FIG. 23 shows 15 cells 
arranged in a 3x5 balanced circuit array, with a unit cell A24 
defined by the dotted line. FIG. 24(a) shows the cross 
sectional view between A10 and All, and FIG. 24(b) shows 
the cross sectional view between A18 and A19. In addition, 
the layout pattern shown in FIG. 25 is a reduced set of 
masks for the same pattern in 22 in order to Supplement the 
illustration of the fabrication proceSS for the memory array 
in this embodiment. 

0119) The memory provided by this embodiment prefer 
ably comprises a three transistor Structure A21, A22, A23 
arranged with the same connection relation as the memory 
cell in the first embodiment. A feature of this memory is that 
the write transistor is fabricated above the insulation layer 
A8. The N-channel write transistor is preferably made up of 
150 nm thick silicided surface N-type polysilicon source Al 
and drain A4 regions and a 2 nm thick intrinsic Silicon 
channel region A3. P-type polysilicon is used for the gate 
terminal A2 to adjust the threshold voltage of the write 
transistor. The N-channel read and store transistors A12 are 
formed from N-type diffusions in a P-type well region and 
utilize N-type polysilicon gate electrodes. 

0120) A feature of the memory cell presented in this 
embodiment is the thin-channel polysilicon transistor. A 
conventional memory cell employs a conventional write 
transistor to transfer a charge to a storage node and then 
Sustain this charge after the write transistor is deactivated. 
However, this charge is not maintained indefinitely since the 
transistor exhibits a leakage current due to Several Sources, 
for example the Subthreshold leakage from the Source to the 
drain or junction leakage from the Source or drain to the bulk 
region. In a standard CMOS process, this is normally on the 
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order of 10' to 10' A. For a retention time of several tens 
of milliseconds, normally a capacitance element of 20-30 f 
is required at each Storage node. In this embodiment, we 
present a memory using a thin-channel polysilicon transis 
tor. 

0121 Normally, polysilicon film transistors exhibit 
higher leakage currents than conventional transistors. There 
fore, using a normal polysilicon transistor would decrease 
the retention time of a memory cell. However, using the 
Structure and processing Steps for the thin-channel transistor 
presented in later embodiments of this invention, a thin 
channel transistor with a much lower leakage current than 
conventional bulk or polysilicon transistorS may be used in 
this invention. 

0122) In detail, by fabricating a channel with a thickness 
on the order of 2 nm that connects to the drain and Source 

regions, subthreshold leakage currents can be reduced to 
10 A. Additionally, since this device is fabricated above 
the insulation layer, junction leakage is reduced to about 0A. 
The low leakage characteristic of this device is the result of 
a quantum confinement effect resulting from the thin junc 
tion connection and channel width that effectively widens 
the bandgap for the device. One option to enhance this 
memory is to use a material with a wide band gap to further 
reduce the leakage current. For example, SiGe can achieve 
a similar leakage to Si even for a wide channel thickness. By 
using the thin-channel polysilicon transistor, a charge can be 
Stored for much longer time periods, perhaps Several min 
utes, using only the gate capacitance of a Standard transistor 
as the Storage capacitance. This allows a much simpler 
fabrication process Since no complex capacitor Structures or 
expensive materials are required. In addition, Since a tran 
Sistor provides a gain, Storing a charge on the gate of the 
transistor allows a larger output signal and non-destructive 
read operation, increasing the Speed of the read operation. 

0123 The fabrication process for the memory according 
to this embodiment is now presented. Using a P-type SOI 
Silicon wafer, after a Sacrificial oxidation Step, a SiN layer is 
accumulated. A photoresist pattern is made over the regions 
that are to be open for the P-type well regions and the SiN 
layer is etched. Immediately following this step, Boron ion 
implantation occurs, the resist is cleaned, and an oxidation 
step is performed. In this step, the area covered by SiN is 
relatively unaffected by the oxidation process. After remov 
ing the SiN, a P (Phosphorous) ion implantation is per 
formed. However, the area covered by the previous oxida 
tion Step is unaffected by this implantation. An activating 
annealing Step is performed and all oxidation is removed, 
exposing the Nwell (A9) and Pwell regions. Although this 
process assumes the use of a SOI wafer due to the various 
Voltages to be utilized, this can be easily adapted So that 
additional P well regions may be formed within an N well 
region, achieving a So-called “triple-well Structure in order 
to accommodate the various Voltage levels necessary for this 
memory. 

0.124. After the element separation regions are formed, 
Several ion implantation Steps are performed to adjust the 
threshold Voltage of the devices by appropriate photoresist 
masks, followed by a gate oxidation Step. In order to 
accommodate the various Voltage levels, the gate thickness 
can be set to one of two or more levels. In this exemplary 
embodiment, a 5 nm thickness SiO2 gate is used in the 
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memory cell. Following this oxidation Step, an intrinsic 
polysilicon layer is deposited. Using a masked resist, the 
N-type transistor regions are implanted with an N-type 
dopant and the P-type transistor regions are implanted with 
a P-type dopant. In addition, although the write transistor is 
located above an N-type well region, the polysilicon region 
is implanted with an N-type dopant. After the resist is 
removed, a diffusion and active annealing process is per 
formed. The polysilicon is Silicided to reduce wiring resis 
tance and the mask for the gate region is patterned. The mask 
pattern A24 is preferably not used in this embodiment. 
0.125. At this point, the source A6 and drain A1 regions 
of the write transistor are composed of the same a layer of 
N-type polysilicon. A resist mask is patterned for the exten 
Sion region formations in which AS is implanted into the 
N-type transistor and BF2 is implanted in the P-type tran 
sistor. After the resist is removed, SiO2 or SiN is deposited 
and etching is performed to create a Sidewall on the gate. A 
resist is patterned, P is implanted into the N-type transistor 
regions, and BF2 is implanted in the P-type transistor 
regions, thereby forming the high concentration diffusion 
regions. After a 10 nm thick SiOlayer deposition, a resist 
pattern (A28) is used to etch SiO, and N-type polysilicon 
regions. As a result, the write transistor Source and drain 
regions are separated and the Sidewalls of both regions are 
exposed. The resist is removed, the wafer is cleaned, and a 
2 nm thick layer of amorphous Silicon is deposited. After 
depositing an additional 5 nm layer of SiO, a resist pattern 
is formed protecting the channel region of the write tran 
sistor and the SiO layer is wet etched with HF. The resist 
layer is removed and the wafer is oxided with O. plasma in 
order to ensure a weak oxidation process. The remaining 5 
nm thick SiO layer is relatively unaffected by this process. 
AS a result, the channel region of the write transistor is 
formed. An additional 5 nm layer of Si is deposited fol 
lowed by a deposition of an N-type doped layer of polysili 
con. This layer is patterned and etched to form the gate 
region of the write transistor. Finally, an insulation layer is 
deposited, allowing the Subsequent contact and interconnect 
layers to be fabricated. 
0.126 An eighth exemplary embodiment permits a 
memory utilizing a three transistor memory cell as defined 
in the seventh embodiment and defined by the same FIGS. 
22 to 25. The transistors and array are arranged with the 
Same connection relation as the memory cell in the first 
embodiment. The unique feature of this memory is that the 
write transistor A21 is an N-channel thin-channel transistor 
as described in the Seventh exemplary embodiment and the 
Storage transistor A23 and the read transistor A22 are 
P-channel transistors. The P-channel read and store transis 
tors A12 are formed from P-type diffusions in an N-type well 
region and utilize P-type polysilicon gate electrodes. 
0127. As explained above in reference to the first 
embodiment, by using opposite type transistors for the write 
A21 and Store A23 transistors, the operation margin of the 
memory can be increased. In that this memory uses a thin 
channel polysilicon transistor as the write transistor, by the 
Same effect that limits the Subthreshold leakage currents, the 
“on” current in the write cycle is also limited. Therefore, an 
N-channel device is chosen Since typically N-channel tran 
Sistors have a higher mobility than P-channel transistors, 
Speeding up the write process. Therefore, the Storage tran 
sistor is chosen as a P-channel device to afford the widest 
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Voltage margin as explained earlier. On the other hand, Since 
it is possible to include a memory buffer that Stores data 
before it is written to a memory cell, a slow memory cell 
write operation may not affect memory performance. How 
ever, memory read access cycles cannot be delayed in the 
Same way. For this reason, if the read proceSS is deemed too 
Slow, an N-channel Storage transistor and P-channel write 
transistor may be utilized. 

0128. It is conventional for an N-channel transistor to 
employ an N-type gate electrode and for a P-channel tran 
Sistor to employ a P-type gate electrode. Therefore, in the 
memory cell used in this embodiment, the P-type gate of the 
Storage transistor cannot directly be used as the N-type 
Source or drain region of the write transistor. However, for 
this embodiment, a method is proposed in which the same 
body of polysilicon can be used for the gate of the Storage 
transistor and the drain or Source of the write transistor. A 
masking pattern A20 is included in the process that encom 
passes the active region of the P-channel transistors. Using 
this masking, a P-type dopant (i.e., BF) is implanted into 
the regions that will form the gate electrodes of the read and 
Store transistors. Using an inverse of this mask, an N-type 
dopant (i.e., AS) is implanted into the region that will form 
the Source and drain region for the write transistor. In the 
conventional case, Since a PN junction region is formed by 
this operation, this fabrication is usually avoided. However, 
by Siliciding the Surface of the polysilicon, a metallized 
connection is formed between the N-type and P-type 
regions, allowing the junction effect to be neglected. 

0129. An additional method is to fabricate physically 
Separated N-type and P-type polysilicon parts and then 
connect the two through a contact to a metal interconnect 
layer. The advantage of using a single polysilicon connec 
tion is that the memory cell area can be reduced verSuS using 
an interconnect layer to connect the Separate parts. In 
addition, if the doping concentration of the impurities in the 
N-type and P-type region is high enough, the junction effect 
can be ignored. In effect, with a high impurity concentration, 
the junction region is reduced and a tunneling current may 
flow between the N-type and P-type regions. For this phe 
nomenon to occur, a doping concentration of 10” is desired 
for both regions. Another important effect is that if the gate 
region of the Storage transistor is raised to a Sufficiently high 
Voltage, the PN junction becomes forward biased, reducing 
the resistance caused by the junction. On the other hand, this 
junction resistance may further reduce the leakage rate of the 
Storage node, enabling a longer retention time of the data. 

0.130. The fabrication process for the memory permitted 
in this embodiment has been presented in the Seventh 
exemplary embodiment. The difference is the addition of the 
mask layer A24 to dope the polysilicon with P-type dopants 
for the areas that act as gates of the P-type devices and with 
N-type dopants for the areas that are the drain and Source 
regions of the polysilicon device as described above. This 
Step occurs after the polysilicon layer has been deposited. A 
Silicidation Step is included to reduce the resistance of the 
polysilicon as described above. 

0131 The memory presented in this embodiment can also 
be arranged and activated according to the first exemplary 
embodiment. In Summary, this memory can be fabricated in 
an open data line configuration, employ a differential Voltage 
Sense amplifier to discriminate the Signal, use a dummy cell 



US 2005/0237786 A1 

to generate a reference Signal, and utilize a refresh operation 
in which data is read, inverted, and then rewritten back to the 
accessed data cell according to the first embodiment. 
0132) A ninth exemplary embodiment describes a 
memory utilizing a thin-channel transistor as described in 
the seventh embodiment in a conventional 3T memory cell 
configuration. The Schematic representation of this cell is 
shown in FIG. 26, with a unit cell A134 that comprises a 
store transistor A133 with one node connected to the Source 
line A136, a read transistor A132 connected to the read data 
line A131 and the storage transistor A133, and a write 
transistor A135 connecting a write data line A128 to the gate 
of the Storage transistor, with the difference being that the 
write transistor has a thin channel region less than or equal 
to 5 nm deep. The difference between this memory configu 
ration and the one presented in the above Seventh embodi 
ment is that the drain of the thin-channel write transistor that 
is not connected to the Storage node is connected to a 
Separate write data line A128 as opposed to the Source of the 
read transistor. This memory is unique from a conventional 
3T cell due to the use of the thin-channel transistor as the 
write element, allowing a much longer retention time than a 
Standard write transistor as explained in the Seventh embodi 
ment. 

0133. The read and write access method for the memory 
of the current embodiment are from the conventional 3T cell 
structure described in the first embodiment and were illus 
trated in the waveform plots of FIGS. 6A and 6B. To write 
a high voltage during the write period in FIG. 6B, the write 
data line is charged to Vdd. In order to transfer the full 
Voltage level of Vdd to the Storage node, a boosted Voltage 
is presented to the write word line of Vdd+Vt. The write 
transistor is thus activated, transferring a charge that equal 
izes the Storage node Voltage with the write data line. After 
the high Voltage is set on the Storage node, the write word 
line is deactivated, and the memory cell is in the Standby 
state with a stored voltage of Vdd. To store a low voltage on 
the storage node during the write period of FIG. 6A, the 
write data line is charged to OV. The write transistor is 
activated by the boosted voltage write word line. After the 
write transistor is deactivated, the device is in the Standby 
state with a stored voltage of OV. 
0134) The read cycle follows the same procedure as the 
memory cell in the second embodiment in which the read 
transistor is activated by the read word line and a current 
flows through the memory cell. The Voltage on the Storage 
node alters the conduction of the N-channel Storage transis 
tor, causing a faster decrease in the data line Voltage for the 
high value State. The read State ends when a Sufficient 
Voltage change is developed on the data line to determine the 
value of the data in the memory cell and the read transistor 
is deactivated. 

0135 The memory exhibited by this embodiment pref 
erably uses an open data line configuration, a differential 
Sense amplifier circuit, and a dummy cell Scheme as 
described in the first embodiment. The refresh Scheme in this 
embodiment is distinct from that of the first embodiment 
Since the Voltage on the Storage node after a write operation 
is directly proportional to the Voltage on the data line during 
the write operation. Therefore, an inversion circuit is needed 
to invert the output of the amplifier. This signal is input into 
the input data buffer and a write operation is conducted to 
fully refresh the data of the accessed cell. 
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0.136 A tenth exemplary embodiment permits a memory 
as detailed in FIGS. 27 to 29 that is arranged in a three 
transistor configuration according to the first embodiment. 
FIG. 28 shows the unit cell layout (A42) with surrounding 
cells in an array configuration. Nine full cells are shown in 
a 3x3 configuration along with adjacent parts of the Sur 
rounding cells. For the purpose of clarity, the patterns from 
the interconnect layers have been omitted. FIG. 29 shows a 
3x4 balanced cell array layout with a unit cell (A42) 
indicated by a dotted line. FIG. 27 shows the cross section 
between points A45 and A46 on FIG. 28. 
0.137 The memory provided in this embodiment incor 
porates an N-type polysilicon write transistor A47 and a 
P-type storage transistor A48 as in the previous embodi 
ment. However, the positional relationship between the 
storage transistor A48 and the read transistor A49 is altered 
in this embodiment Such that beneath the gate of the Storage 
transistor A48, a vertically stacked structure of P-type poly 
Silicon, metal, and N-type polysilicon is formed in order to 
reduce the cell area. In order to make the connection 
between the gate of the Storage transistor with the polysili 
con layer above it, a layer of metal is deposited directly 
above the P-type polysilicon gate, followed by a direct 
connection with an N-type layer above this. Another method 
is to use a Silicidation proceSS in place of the metal depo 
Sition. 

0.138. One exemplary fabrication process for the memory 
in this embodiment is derived from that of the Seventh 
embodiment, and only the differences will be explained. 
Initially, the transistors are fabricated on an SOI wafer as 
described in the Seventh embodiment, and an insulation 
layer is deposited. Following this step, a planarization 
process eXposes the upper Surface of the gate region on the 
P-channel devices. If the fabrication proceSS is according to 
that of the seventh embodiment, the N-well region is higher 
than the P-well region so the gates of the NMOS devices are 
not exposed. After depositing a layer of N-type polysilicon, 
the source A35 and drain regions A36 of the write transistor 
are patterned and etched. Then, an insulation layer is depos 
ited, followed by a planarization Step that exposes the upper 
Surface of the N-type polysilicon. 

0.139. At this point, a 3 nm thickness layer of amorphous 
Silicon and a 5 nm thickness layer of Si are preferably 
deposited, patterned, and etched to form the channel A43 of 
the write transistor. A 5 nm thickness layer of SiO is 
deposited followed by a layer of N-type polysilicon and a 
layer of W. This is patterned and etched to form the gate 
region of the write transistor and the write transistor word 
line A44. A feature is the use of a contact A37 that penetrates 
the write transistor Source region A36. In this manner, the 
write transistor Source region A36 and the Storage transistor 
Source region A33 are simultaneously electrically connected 
to the Source line A39. 

0140. A eleventh exemplary embodiment provides a 
memory as detailed in FIGS. 30 to 32 having a memory cell 
with a three transistor Structure according to the first 
embodiment. A difference is the use of an additional Storage 
node A50 capacitance Structure A54 connected to the Storage 
node, enabling a large Stored charge and thus permitting a 
memory with a very long retention time. The Structure in 
FIG. 32 shows a separate write data line A56 and read data 
line A69, however these can be combined into a single data 
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line to reduce the cell area. In addition, the gate A50 of the 
Storage transistor A67 is connected to one terminal of a 
capacitive element A54 formed using Ta-Os. The other 
terminal of the capacitor is directly connected to a ground 
node. 

0141 For the memory cell in the first embodiment, the 
Storage node has an estimated capacitance of 0.2 ft. How 
ever, with the use of the Ta-Os capacitive structure A54, a 
Storage capacitance of 20 f can be realized. Moreover, if the 
channel region A51 thickness of the write transistor A66 is 
reduced to approximately 1.5 nm, a leakage current of 
10A is exhibited under certain temperature conditions. 
With this configuration, a decrease in the Store charge by 
10% is estimated to require one month. This enables a 
memory device Suitable for portable applications, for 
example, a cellular phone memory device that does not 
require a refresh period, effectively allowing a non-volatile 
memory device. 
0142. To adequately store information, the voltages of the 
gate region A52 and the source region A53 of the write 
transistor A66 must be fixed appropriately. When compared 
to conventional SRAM, the memory described in this 
embodiment can achieve a Smaller cell area due to a reduc 
tion in the number of transistors. In addition, operation can 
be expected even for Voltages as low as 1 V, yielding a 
non-volatile memory that is less expensive than conven 
tional flash memory or Similar memory devices. If a tun 
neling oxide layer of around 10 nm is used along with high 
Voltage transistors, Voltage boosting circuits are unneces 
Sary. Furthermore, unlike flash memory and other non 
Volatile memory devices, there is no limitation on the 
number of write operations that can be performed. 
0143. In the semi-volatile memory presented in this 
embodiment, a refresh operation could be carried out when 
the battery is recharged or replaced. Since an additional 
capacitor device is required, the fabrication proceSS includes 
more Steps than previous embodiments. However, this 
memory can be easily integrated along with DRAM and 
logic circuits to form a complete System with a non-volatile 
memory unit. In addition, Since many analog and digital 
circuit processes already incorporate additional capacitor 
elements, this memory can be fabricated with few additional 
Steps. This memory can also be used in combination with the 
memory technologies from the other embodiments in this 
invention on the same die. Finally, although this embodi 
ment describes a vertical Stacked capacitor as the Storage 
element, this memory could Substitute a trench capacitor 
buried in the Silicon Substrate at the expense of additional 
aca. 

0144. The memory presented in this embodiment incor 
porates a high resistance write transistor to achieve a long 
retention time, however the write time is expected to be on 
the order of 1 seconds. This device will exhibit a fast read 
Speed due to the use of conventional transistors as the 
Storage and read devices. 
0145 A twelfth exemplary embodiment describes a 
memory according to FIGS. 33 to 36 utilizing a thin-channel 
transistor in the 2T configuration described in the third 
embodiment. In this memory, shown in FIG. 35, the write 
transistor A121 is formed from the thin-channel transistor as 
described in the seventh embodiment. FIG. 34 shows the 
layout for the unit cell A24 of this memory in a 4x3 
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configuration with the Surrounding cells. The metal inter 
connect layerS have been omitted for clarity of explanation. 
FIG. 36 shows the layout only for the transistors and first 
polysilicon layer. CroSS Sectional views between points 
A110 and A111 as well as A118 and A119 are shown in FIG. 
33. The store transistor A123 is formed from a conventional 
N-channel bulk transistor. The word write line A102 and 
word read line A125 are formed on the third metal inter 
connect layer and run in the horizontal direction. The data 
line A116 is formed on the second metal interconnect layer 
and runs in the vertical direction. The Source line A107 is 
formed on the first metal interconnect layer and runs in the 
horizontal direction. 

0146 An exemplary fabrication process follows the flow 
as presented in the memory of the Seventh exemplary 
embodiment and only the differences will be explained. This 
flow is followed up to the point where the layer of polysili 
con is deposited that forms the gate A104 of the thin-channel 
write transistor. In order to Save processing Steps, this layer 
is preferably also patterned with the Second gate A112 of the 
Storage transistor A123. After this polysilicon layer is etched 
and the resist is removed, appropriate contacts and metal 
layers are fabricated above these devices. 
0147 The operation and array schematic of this memory 
is identical to the memory presented in the third embodi 
ment, which utilizes the capacitive coupling write method to 
Storage data on the Storage node, and will not be described 
here. This memory possesses Several advantages as a vola 
tile memory. In that only two transistors are used in a Single 
memory cell, one of these being a thin-channel transistor 
fabricated above the insulation layer, a very Small cell size 
can be realized, preferably as Small as a conventional 
DRAM cell. In this manner, a very high-density memory can 
be realized. Similarly, as mentioned in the seventh embodi 
ment, the thin-channel transistor has a much lower leakage 
current than a conventional transistor. Therefore, a long 
retention time can be realized for a cell using only the gate 
terminal of a transistor as a storage element. This in turn 
reduces the refresh operations in a given time and will result 
in a lower power memory unit. 

0.148. A thirteenth exemplary embodiment enables a 
memory that can be shown by the figures of the twelfth 
embodiment (FIGS. 33 to 36) and describes a two transistor 
cell Structure memory that incorporates a thin-channel tran 
Sistor as presented in the Seventh embodiment. A difference 
with this configuration is the use of a P-channel transistor as 
the Storage transistor instead of an N-channel device. In this 
case, the thin-channel write transistor is an N-channel device 
in order to increase the Speed of the write operation due to 
the higher electron mobility versus the P-channel device. 
The advantages to using a P-channel Storage transistor have 
been detailed in the first embodiment and will not be 
described here. 

014.9 The fabrication procedure is a combination of the 
procedures presented in the eighth embodiment and the 
twelfth embodiment. Namely, the process follows the eighth 
embodiment up until the deposition of the polysilicon layer 
used as gate terminal for the thin-channel transistor. It must 
be stressed that Since the P-channel Store transistor has a 
P-type polysilicon gate and the N-channel thin-channel 
device has an N-type polysilicon Source and drain region, an 
additional mask A120 and silicidation step must be included 
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Similar to the eighth embodiment. AS in the eighth embodi 
ment, the polysilicon within this mask is implanted with a 
P-type dopant and the polysilicon outside this mask is 
implanted with an N-type dopant. Thus, the same polysili 
con part can be used as both the gate of the P-type Storage 
transistor and the Source or drain of the N-type thin-channel 
write transistor. This mask and silicidation step will 
enable the Storage transistor gate and write transistor Source 
to be fabricated from a single body of polysilicon. This is 
advantageous in that it enables a compact cell area. Similar 
to the twelfth embodiment, the Second gate of the Storage 
transistor can be formed from the same deposited layer of 
polysilicon that is used as the gate of the thin-channel write 
transistor. 

0150. The array structure, sense amplifier, dummy cell, 
and refresh method may be all implemented according to the 
third embodiment and will not be described here. Some 
advantages of this memory cell are the Small cell size due to 
the two transistor cell Structure along with a high Voltage 
margin under Some conditions in which an N-channel Stor 
age transistor is not adequate. 
0151. A fourteenth exemplary embodiment enables a 
memory that can be shown by the figures of the twelfth 
embodiment (FIGS. 33 to 36) and describes a two transistor 
cell Structure memory that incorporates a thin-channel tran 
Sistor as presented in the Seventh embodiment. Furthermore, 
this memory is organized in a manner Similar to that of the 
parallel connected memory cell arrangement presented in 
the fifth embodiment. The layout diagrams are shown in 
FIGS. 34 and 36 and the cross-sectional views between 
points A110 and A111 as well as A118 and A119 are shown 
in FIG. 33. The schematic representation is shown in FIG. 
35. 

0152. A difference in the layout and fabrication of this 
memory versus that in the twelfth embodiment is that the 
cells are arranged in a Series of Sub-column blocks as 
described in the fifth embodiment. Each cell in the Sub 
column block contains a Storage transistor in which the drain 
region is connected to a read data line A116, and the Source 
region is connected to the Sub-column Source data line A127. 
The Sub-column Source data line is connected in turn to the 
drain terminal of a Sub-column access transistor QSL as in 
FIG. 18. In this manner, only one sub-column contributes to 
the current in a read operation as described in the fifth 
embodiment. Thus, this memory achieves the Small area 
afforded by the twelfth embodiment, with a slight penalty for 
the area of the access transistor, but it presents a faster read 
operation Since only the non-Selected cells in the Sub 
column contribute to current noise during the read operation. 
0153. The processing is identical to that of the twelfth 
embodiment and will not be repeated here. In addition, the 
memory array Structure, Sensing mechanism, dummy cell 
concept, and refresh operation may be used according to the 
fifth embodiment, which uses the capacitive coupling write 
method. Several modifications can be made to the memory 
as presented in earlier embodiments. For example, a P-chan 
nel Storage transistor can be used in place of the N-channel 
device. The advantages and processing changes are pre 
sented in the thirteenth embodiment and will not be 
described here. 

0154) A fifteenth exemplary embodiment enables a 
memory that can be shown by the figures of the twelfth 
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embodiment (FIGS. 33 to 36) and describes a two transistor 
cell Structure memory that incorporates a thin-channel tran 
Sistor as presented in the Seventh embodiment. Furthermore, 
this memory is organized in a manner Similar to that of the 
Series connected memory cell arrangement presented in the 
sixth embodiment. The layout diagrams are shown in FIGS. 
34 and 36 and the cross-sectional views between points 
A110 and A111 as well as A118 and A119 are shown in FIG. 
33. The schematic representation is shown in FIG. 35. 
0.155) A difference in the layout and fabrication of this 
memory versus that in the twelfth embodiment is that the 
cells are arranged in a Series of Sub-column blocks as 
described in the Sixth embodiment. In Summary, the Storage 
transistor QS of each memory cell is connected in Series with 
the Storage transistor in the adjacent memory cell. The 
Storage transistor Q1 on one end of this Sub-column Series is 
connected to the data line and the Storage transistor on the 
other end Qn is connected to an acceSS transistor QSL, 
which is connected to a Source data line DLO. The read and 
write access Schemes are according to the capacitive cou 
pling write method described in the sixth embodiment. One 
distinction between this embodiment and that of the sixth 
embodiment is the inclusion of the thin-channel write tran 
Sistor as presented in the Seventh embodiment. By including 
this device as the Storage node access transistor, the retention 
time can be increased by a factor of one thousand verSuS a 
conventional transistor due to the low Subthreshold current 
leakage. 
0156 The memory according to this embodiment pref 
erably uses an open data line Structure, a differential Voltage 
Sense amplifier, a dummy cell concept, and a refresh Scheme 
according to that presented in the Sixth embodiment and will 
not be repeated here. In addition, the processing flow is 
described in the fourteenth embodiment and will not be 
repeated here. This memory may use a P-channel Storage 
transistor in place of the N-channel device for at least the 
reasons described in the first embodiment, and the proceSS 
ing methodology for this is presented in the eighth embodi 
ment. Some advantages of this device are a Smaller cell size 
than conventional DRAM due to the absence of drain and 
Source contacts in the Series connected Store transistors. In 
addition, a retention time much longer than conventional 
DRAM can be exhibited. 

O157. A sixteenth exemplary embodiment provided a 
memory as shown in FIG. 37 such that each cell contains 
four transistors in a standard 4-T SRAM configuration. 
Furthermore, the transistors in the cell are arranged Such that 
one pass transistor Q1 electrically connects the positive data 
line DTO and the positive storage node NT when the 
transistor is activated by a word line W0 connected to the 
gate terminal. The other pass transistor Q2 electrically 
connects the negative data line DBO and the negative Store 
node NB when activated by the same word line W0 con 
nected to the gate terminal. There is a Storage transistor Q3 
with a Source region connected to a ground node, a drain 
region connected to the positive Storage node NT and the 
gate electrode connected to the negative Store node NB. 
Finally, a storage transistor Q4 has a Source region con 
nected to a ground node, a drain region connected to the 
negative Store node NB and the gate electrode connected to 
the positive store node NT. 
0158. A distinction of the memory in this embodiment is 
that the storage transistors Q3, Q4 are realized by thin 
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channel polysilicon transistors as described in the Seventh 
embodiment. There are Several advantages to using this 
configuration. AS will be explained below, this memory is a 
Static memory type that operates with a refresh period. 
Therefore, the power consumption contributed to refresh 
operations can be omitted. Since the thin-channel Store 
transistors are fabricated above the insulation layer, as 
described in the Seventh embodiment, a Small cell Size can 
be realized that is up to three times Smaller than a conven 
tional SRAM cell. In addition, since the thin-channel store 
transistors exhibit a leakage current up to four orders of 
magnitude lower than conventional transistors, this memory 
cell consumes much lower power than conventional SRAM 
in the Standby State. 
0159. An exemplary access operation will now be 
described. This operation applies for N-channel pass tran 
SistorS Q1, Q2, but this memory functions in the same 
manner if the pass transistors are of the P-channel type. In 
that case, the polarity of the word line W0 is reversed. As 
shown in the waveforms in FIG. 38A and 38B, in the 
standby state, the word line W0 is held low, isolating the 
Storage nodes from the data lines. In the case that a high 
value is stored in the cell, a high voltage (2V) is stored on 
the positive storage node NT, and a low voltage (OV) is 
stored on the negative store node NB. The high voltage on 
the positive node activates the Storage transistor Q3, effec 
tively holding the negative node NB at a low voltage (OV). 
0160 The critical point of the operation is for the positive 
node at a high Voltage. In this case, the mechanism that 
restores the node is leakage current from the positive data 
line DTO. If the leakage current from the data line DTO to 
the Storage node NT through the channel of the pass tran 
Sistor Q1 is higher than charge leakage from the positive 
storage node NT through the store transistor Q3 and to the 
well, then the node is Self-restoring. In other words, if a 
charge leaks from the high Voltage positive Store node NT, 
a charge will flow from the positive data line DTO until the 
node is equalized to the data line. By the same token, for a 
low Voltage value on the positive Store node, the reverse is 
true. The negative Store node NB is kept at a high Voltage 
due to the leakage current from the negative data line DB0. 
Since the thin-channel transistor exhibits a much lower 
leakage current than a conventional transistor, this relation 
ship will hold, and a low-leakage, Small area Static memory 
cell can be realized. 

0.161 Read and write access are identical to a conven 
tional SRAM circuit, the high data write shown in FIG. 38A 
and the low data write shown in FIG. 38B, and will not be 
described here in detail. In Summary, for a high value write 
cycle, a high voltage (2V) is presented to the positive data 
line DTO and a low voltage (OV) is presented to the negative 
data line DB0. The word line W0 is activated, transferring 
the voltage on the data lines to the store nodes NT, NB. After 
the word line is lowered, the data lines are returned to the 
high Voltage Standby State (2V) and the data is held Statically 
as described previously. The read operation comprises float 
ing the data lines DTO, DB0 and activating the pass tran 
Sistors. A current path forms from the data lines through the 
cell and a differential Voltage is developed on the data lines. 
This differential Signal is discriminated by a Sense amplifier, 
SAO and the data is output to the system bus. The fabrication 
technique for the thin-channel transistor is described in more 
detail in the eighteenth embodiment. 
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0162. A seventeenth exemplary embodiment provides a 
memory as shown in FIG. 39 such that each cell contains six 
transistors, four of which are arranged in a Standard four 
transistor configuration as described in the Sixteenth 
embodiment, and two transistors are arranged in a manner to 
allow a fast readout of the cell data. The pass transistorS Q1, 
O2 are connected to the write data lines ST0, SB0 and 
thin-channel Store transistorS Q3, Q4 are arranged Such that 
a data value is stored statically on the store nodes NT, NB. 
In the Sixteenth embodiment, Since the current path runs 
through the thin-channel Store transistors, the read operation 
may be much slower than in a conventional SRAM. For this 
reason, two transistors are added to enhance the read opera 
tion Speed. A readout transistor Q5 has a Source region 
connected to ground (OV) and the gate electrode connected 
to the negative Store node NB. An acceSS transistor Q6 has 
a Source region connected to the drain region of transistor 
Q5, a gate terminal connected to the word line W0 and a 
drain region connected to the read data line D0. 
0163 The access operation is similar to the operation in 
the sixteenth embodiment and only the differences will be 
explained here. FIG. 40A shows the high data access 
operation and FIG. 40B shows the low data access opera 
tion. The write operation follows a similar pattern with 
Voltages of opposite polarity presented to the write data lines 
ST0, ST1, with a high voltage (2V) presented to the positive 
write data line in the high value write operation and a low 
voltage (OV) presented to the positive write data line in the 
low value write operation as described in the Sixteenth 
embodiment. For the read operation, the word line is raised 
to a high voltage (2V) as in the sixteenth embodiment. The 
difference is that the voltage on the read data line D0 is 
Sensed rather than the write data lines. Since the negative 
store node NB is connected to the gate of the readout 
transistor Q6, the transistor is in the conduction State when 
the negative store node NB has a high stored voltage (2V), 
and the transistor is shut off when the negative Store node 
NB has a low stored voltage (OV). Since a current path exists 
from the read data line through the acceSS and readout 
transistors, the Voltage on the read data line will fall at a rate 
determined by the voltage on the negative store node NB. 
This Voltage can be sensed by a Sense amplifier connected to 
the read data line and a digital Signal representing the 
memory cell contents can be generated and output to the 
Signal bus. Since the read and access transistor are of the 
conventional type, a large current can be generated, resulting 
in a faster read operation than that achievable in the Six 
teenth embodiment. The drawback is additional area due to 
the additional data line and the additional transistors. How 
ever, Since the memory cell exhibits a much lower leakage 
current than a Standard SRAM, the power consumption can 
be reduced. 

0164. A eighteenth exemplary embodiment is shown in 
FIGS. 41 to 44. In this embodiment, the thin-channel write 
transistor used in previous embodiments is presented. Due to 
the low leakage characteristics of this device, by incorpo 
rating it in a dynamic memory configuration, a long reten 
tion time can be realized, yielding memory with lower 
power consumption than conventional DRAM. Arranged in 
an SRAM configuration, the leakage current in the Storage 
Stage is reduced, yielding a low power Static memory device. 
To realize the low leakage characteristics required in this 
invention, a thin-channel layer transistor is employed. For 
clarity of explanation, only the thin-channel transistor will 
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be shown. In principle, the various thin-channel write tran 
sistors described in this embodiment can be used as the write 
transistor in any of the embodiments presented in this 
invention. 

0.165. The thin-channel write transistor shown in FIG. 
41(a) is fabricated on the insulation layer of a N-well A77. 
One characteristic of this device is that the drain and Source 
regions are fabricated from multi-layer polysilicon in which 
the upper layer is comprised of highly doped N-type poly 
Silicon and the lower layer is comprised of lowly doped 
N-type or intrinsic polysilicon. A 3 nm thick intrinsic 
polysilicon layer forms the channel region A76, and the gate 
terminal A72 is formed from a layer of highly doped N-type 
polysilicon. At the connection between the Source and drain 
regions and the channel region, the doping density of the 
polysilicon is decreased, preventing the diffusion of dopants 
into the channel region even under Subsequent high tem 
perature processing Steps. In this manner, a steep junction 
between the two regions is avoided, further reducing the 
leakage current of the device. A lightly doped N-type or 
intrinsic polysilicon layer is first deposited, followed by the 
deposition of a highly doped N-type polysilicon layer, which 
will act as the Source and drain region of the transistor. A 
layer of amorphous Silicon is then deposited that forms the 
channel region connecting the Source and drain region. 
Ideally, the source and drain structure presented in FIG. 
41(b) is fabricated in which the dopant concentration gradu 
ally decreases from the top to the bottom of the polysilicon 
Structure. 

0166 FIGS. 42 and 43 show the fabrication steps for 
another thin-channel write transistor Structure. In this case, 
an SOI wafer is used so that the channel region of the device 
is comprised of Single-crystal Silicon. By using Single 
crystal Silicon for the channel region instead of polysilicon, 
not only does the device exhibit greater “on” current due to 
the increased mobility, the device also exhibits a higher 
subthreshold coefficient due to a lower trap site density and 
lower leakage Stemming from a reduction in the number of 
grain boundaries. 

0167 The fabrication of the structure is now explained. 
Using a SOI wafer with a 50 nm thick layer of silicon, a low 
energy N-type doping ion implantation is performed fol 
lowed by a diffusion process to distribute the dopants 
through the silicon layer. The surface of the silicon layer A80 
above the SiO2 layer A81 is oxidized, forming a layer of 
SiO, A82 (see, FIG.42(a)). A mask is used to pattern a layer 
of photoresist and an etching Step is executed to form the 
Source, drain, and channel regions. A separate resist pattern 
A83 is used to etch the SiO, and silicon such that a 10 nm 
thick layer of silicon remains (see, FIG.42(b)). The resist is 
removed and the exposed Silicon is oxidized, leaving a 7 nm 
thick layer of SiO, above the 3 nm thick channel region A84 
(see, FIG. 43(a)). N-type polysilicon is deposited, patterned, 
and etched to form the gate electrode A85 of the transistor 
(see, FIG. 43(b)). 
0168 Another thin-channel write transistor structure is 
shown in FIG. 44. A cross-sectional view is shown in FIG. 
44(a), and the layout for this structure is shown in FIG. 
44(b). In this structure, the write transistor is vertically 
fabricated and combined with the Store transistor, yielding a 
low area device Structure. The gate region A86 of the Store 
transistor is fabricated above an isolation layer A94 such that 
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it crosses over the active region A90. This structure simul 
taneously defines the source A91 and drain A92 regions of 
the read transistor. The source A86 and drain A88 regions of 
the write transistor are formed from N-type polysilicon Such 
that the drain is positioned vertically above the source. The 
Source region A86 of the write transistor is connected to the 
gate electrode A86 of the Store transistor, and the drain 
region A88 is connected to the write data line. The channel 
region A89 of the write transistor is formed along the inside 
of the hole pattern A93 which penetrates the write data line. 
0169. The control electrode A87 for the channel A89 is 
formed from P-type polysilicon and is connected to the write 
word line through a contact hole. By using P-type polysili 
con, the threshold Voltage of the write transistor may be Set 
Such that the leakage current is a minimum when the control 
voltage is around 0 V. For this embodiment, after the storage 
transistor is constructed, a insulation layer is formed, fol 
lowed by the deposition of N-type polysilicon. A resist 
pattern is masked such that a hole A93 is etched through the 
N-type polysilicon to the gate electrode of the Store transis 
tor. A 3.5 nm thick layer of amorphous polysilicon is 
deposited, followed by a deposition of insulation and a 
crystallization Step. Another resist layer is patterned and the 
gate electrode of the write transistor is formed A87. The 
write data line A88 is then patterned and etched. Finally, 
various contact and interconnection metal layers are formed 
above the device. 

0170 Nothing in the above description is meant to limit 
the present invention to any Specific materials, geometry, or 
orientation of parts. Many part/orientation Substitutions are 
contemplated within the Scope of the present invention. The 
embodiments described herein were presented by way of 
example only and should not be used to limit the Scope of the 
invention. 

0171 Although the invention has been described in terms 
of particular embodiments in an application, one of ordinary 
skill in the art, in light of the teachings herein, can generate 
additional embodiments and modifications without depart 
ing from the Spirit of, or exceeding the Scope of, the claimed 
invention. Accordingly, it is understood that the drawings 
and the descriptions herein are proffered by way of example 
only to facilitate comprehension of the invention and should 
not be construed to limit the Scope thereof. 

What is claimed is: 
1. A Semiconductor memory comprising: 
a plurality of memory cells each including a Storage 

transistor and a Semiconductor write device; 

a plurality of word lines coupled to the plurality of 
memory cells and controlling the plurality of memory 
cells, 

a plurality of data lines coupled to the plurality of memory 
cells and Supplied a data Signal from the plurality of 
memory cells, 

wherein the Storage transistor has a gate terminal electri 
cally coupled to a storage node, 

wherein the Semiconductor write device has a Source 
region and a drain region and Supplies an information 
Voltage to the Storage node, 
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wherein the Source and drain of the Semiconductor write 
device is formed by a metal or Semiconductor material 
connected by a channel which is formed by a Semicon 
ductor material, 

wherein a thickness of the Source region and the drain 
region of the Semiconductor write device is larger than 
a thickness of the channel of the Semiconductor write 
device. 

2. A Semiconductor memory according to claim 1, 
wherein the thickness of the channel of Semiconductor 

write device is no more than 5 nanometers. 
3. A Semiconductor memory according to claim 1, 
wherein the plurality of data lines include a plurality of 

the read data lines and a plurality of write data lines, 
wherein the plurality of read data lines is Supplied the data 

Signal from the plurality of memory cells, and 
wherein the plurality of write data lines Supply the infor 

mation Voltage to the plurality of memory cells. 
4. A Semiconductor memory according to claim 3, 
wherein each of the plurality of memory cells further has 

a read transistor, 
wherein one of a Source or a drain of the read transistor 

is coupled to one of the plurality of read data lines, 
wherein the other one of the Source or the drain of the read 

transistor is coupled to the one of a Source or a drain of 
the Storage transistor, and 

wherein the other one of the Source or the drain of the 
Storage transistor is coupled to a predetermined Volt 
age. 

5. A Semiconductor memory according to claim 4, 
wherein the plurality of the word lines includes a plurality 

of read word lines and a plurality of write word lines, 
wherein a gate of the Semiconductor write device is 

coupled to one of the plurality of write word lines, 
wherein a gate of the read transistor is coupled to one of 

the plurality of read word lines. 
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6. A Semiconductor memory comprising: 
a plurality of read data lines, 
a plurality of write data lines, 
a plurality of memory cells coupled to the plurality of read 

data lines and the plurality of write data lines, 
wherein each of the plurality of memory cells includes a 

Storage transistor, a read transistor, and a write transis 
tor, 

wherein a Source and a drain of the write transistor are 
coupled between one of the plurality of write data lines 
and a gate of the Storage transistor, 

wherein a Source and a drain of the read transistor are 
coupled between one of a Source or a drain of the 
Storage transistor and one of plurality of read data lines, 

wherein the Source and the drain of the Storage transistor 
are coupled between one of the Source or the drain of 
the read transistor and a predetermined Voltage, and 

wherein the write transistor has a channel whose a thick 
neSS is larger than a thickness of the drain and the 
Source of the write transistor. 

7. A Semiconductor memory according to claim 6, further 
comprising: 

a plurality of read word lines, 
a plurality of write word lines; 
wherein a gate of the read transistor is coupled to one of 

the plurality of read word lines and 
wherein a gate of the write transistor is coupled to one of 

the plurality of write word lines. 
8. A Semiconductor memory according to claim 6, 
wherein the thickness of the channel of Semiconductor 

write device is no more than 5 nanometers. 
9. A Semiconductor memory according to claim 6, 
wherein the storage transistor is an N-channel MOS 

device. 


