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(57) ABSTRACT 

A memory cell includes a charge ampli?er having a gate 
adjacent to a channel region coupling source and drain 
regions, a digitline coupled to one of the source and drain 
regions, a ground lead coupled to the other of the source and 
drain regions, a ferroelectric capacitor coupled to the gate, 
and a Wordline coupled to the ferroelectric capacitor. Advan 
tageously, the charge ampli?er can be a CMOS transistor. 
Preferably, the gate is coupled to the ferroelectric capacitor 
by polysilicon, the junction formed at the gate has an 
intrinsic capacitance, and the capacitance of the ferroelectric 
capacitor is based on the magnitude of the intrinsic capaci 
tance. Alternatively, the gate is coupled to the ferroelectric 
capacitor by polysilicon, the junction formed at the gate has 
an intrinsic capacitance, and the physical siZe of the ferro 
electric capacitor is based on the magnitude of the intrinsic 
capacitance. In this case, the thickness of a ferroelectric 
material layer in the ferroelectric capacitor can be based on 
the magnitude of the intrinsic capacitance. A memory cell 
array, a memory module, and a processor based system can 
all be fabricated from this memory cell. Methods for reading 
data out of and Writing data into the memory cell are also 
described. 
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DISCRETE DEVICES INCLUDING EAPROM 
TRANSISTOR AND NVRAM MEMORY CELL 
WITH EDGE DEFINED FERROELECTRIC 

CAPACITANCE, METHODS FOR OPERATING 
SAME, AND APPARATUS INCLUDING SAME 

[0001] This is a Continuation-in-Part of US. application 
Ser. No. (09/385,380), Which is entitled “DYNAMIC RAN - 
DOM ACCESS MEMORY (DRAM) CELLS WITH 
REPRESSED FERROELECTRIC MEMORY, METHODS 
OF READING SAME, AND APPARATUSES INCLUD 
ING SAME, and Which Was ?led on Aug. 30, 1999. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates to discrete elements 
such as electrically alterable programmable read-only 
memory (EAPROM) and nonvolatile random access 
memory (NVRAM) devices. More speci?cally, the present 
invention relates to EAPROM and NVRAM cells Where 
data is stored using a ferroelectric capacitor incorporated in 
the cells. Methods for operating, Writing to and reading 
from, such DRAM, logic devices, memory arrays, and 
systems containing these cells are also disclosed. 

[0004] 2. Description of Related Art 

[0005] Dynamic random access memories (DRAMs) are 
the most cost-effective, high-speed memory used With 
present day computers. DRAMS last nearly inde?nitely. 
Moreover, DRAMs are available in very high density con 
?gurations, e.g., 64 megabytes (MB). HoWever, DRAMS 
can only store information for a limited time Without con 
stant refreshing and lose all knoWledge of their state once 
poWer is removed. 

[0006] Ferroelectric capacitors are currently being used as 
nonvolatile memory devices, as disclosed in US. Pat. No. 
4,888,733, Which is entitled “Nonvolatile Memory Cell and 
Sensing Method” and discloses a tWo transistor, one capaci 
tor (2T/1C) memory cell. In addition, ferroelectric capaci 
tors are often employed in nonvolatile random access 
memories (NVRAMs). Memory cells having structures 
approximating that of DRAMs, i.e., arranged in the conven 
tional one transistor, one capacitor (1T/1C) memory cell 
pattern, are disclosed in US. Pat. No. 5,600,587 (Ferroelec 
tric Random Access Memory), US. Pat. No. 5,572,459 
(Voltage Reference for a Ferroelectric 1T/ 1C Based 
Memory), US. Pat. No. 5,550,770 (Semiconductor Memory 
Device Having FE Capacitor Memory Cells With Reading, 
Writing, and Forced Refreshing Functions and a Method of 
Operating the Same), US. Pat. No. 5,530,668 (Ferroelectric 
Memory Sensing Scheme Using Bit Lines Precharged to a 
Logic One Voltage), and US. Pat. No. 5,541,872 (Folded Bit 
Line Ferroelectric Memory Device). It should be mentioned 
that all of the patents cited above are incorporated by 
reference herein for all purposes. 

[0007] In the above-mentioned patents, the capacitor in a 
1T/ 1C DRAM structure is replaced by a ferroelectric capaci 
tor, as illustrated in FIG. 1(a). The memory cell 1 of FIG. 
1(a) includes a Wordline 10, a digitline 12, a transistor 14 
and a ferroelectric capacitor 16. In operation, the remnant 
charges are detected on a bit line in a manner similar to the 
operation of a conventional DRAM. HoWever, these struc 
tures are not Without attendant problems. 
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[0008] There is an extensive body of literature on both the 
electrical characteristics of ferroelectric capacitors and 
applications in cells similar to conventional DRAMs, eXcept 
that these cells are classi?ed as nonvolatile RAMs 
(NVRAMs) instead of DRAMs. One recent publication by 
K. Asaril et al., entitled “Multi-Level Technologies for 
FRAM Embedded Recon?gurable HardWare” (IEEE Int. 
Solid-State Circuits Conf., San Francisco 1999, pp. 108 
109), describes the use of a ferroelectric capacitor in a 
ferroelectric RAM (FRAM)Which is employed With loW 
voltage to store and access RAM data superimposed on 
less-frequently accessed read-only memory (ROM) data in 
the same cell. See US. Pat. No. 5,539,279, entitled “Ferro 
electric Memory.” The RAM data is volatile and needs to be 
refreshed on a regular basis, or this aspect of the cell acts like 
a DRAM. The electrically alterable read-only memory 
(EAROM), e.g., an electrically erasable programmable 
ROM (EEPROM) data is nonvolatile. In other Words, the 
FRAM acts like a DRAM With a “repressed” nonvolatile 
read only “memory,” or “repressed memory.” 

[0009] Other applications use the ferroelectric capacitors 
as part of a stacked gate structure similar not to DRAMs but 
rather to EEPROM or ?ash memory devices. See, for 
example, US. Pat. No. 5,541,871 (“Nonvolatile Ferroelec 
tric Semiconductor Memory) and US. Pat. No. 5,856,688 
(“Integrated Circuit Memory Devices Having Nonvolatile 
Single Transistor Unit Cells Therein), Which patents are also 
incorporated herein by reference for all purposes. It Will be 
appreciated that in these devices, hoWever, the remnant 
charge or polarization charge of the ferroelectric element is 
used to store information rather than electrons injected onto 
or removed from a ?oating gate by hot electron effects 
and/or tunneling. Instead, the charge differences are not 
differences in the number of electrons trapped on the gate 
but rather the polariZation charge of the upper ferroelectric 
capacitor. 

[0010] It should also be mentioned that the prior art 
referenced in US. Pat. No. 5,541,871 describes a basic 
structure consisting of a ferroelectric capacitor in series With 
a gate capacitance, Which are both planar structures. As 
shoWn in FIG. 1(b), a memory cell 1‘ includes a Wordline 
10, a digitline 12, a transistor 14, and a ferroelectric capaci 
tor 20, one plate of the ferroelectric capacitor forming the 
gate of the transistor 14. 

[0011] FIG. 1(c) illustrates a memory cell 1“, Which 
includes the Wordline 10, digitline 12, transistor 14, a high 
dielectric capacitor 30 and a ferroelectric capacitor 32. It 
Will be noted that the loWer plate of capacitor 30 forms the 
control gate of the transistor 14. 

[0012] The problem With this disclosed structure is that the 
ferroelectric elements have very high electric permittivities 
as, for instance, 80 and 150 k. It Will be appreciated that 
these permittivity values are 20 to 40 times higher than that 
of silicon dioXide. It Will also be appreciated that, if com 
parable thicknesses of materials as are used in constructing 
the ferroelectric and conventional capacitors, only a small 
fraction, e.g., 2% to 5%, of the voltage applied across the 
series capacitors Will appear across the ferroelectric capaci 
tor. Thus, if the ferroelectric capacitor has a coercive volt 
age, Vc, i.e., the voltage required for programming, of 1V or 
3V, then the total Word line voltage required for program 
ming the memory cell Will be on the order 20V to 150V. It 
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Will be noted that these are far in excess of voltages used on 
current CMOS-integrated circuits. 

[0013] Us. Pat. No. 5,856,688 seeks to solve this problem 
by using a “C” shaped ?oating gate and tWo control gates. 
One control gate is a plate of the ferroelectric capacitor and 
the other control gate is a plate of another capacitor fabri 
cated using a high dielectric constant material. The tWo 
capacitors in series, one With a high dielectric constant 
ferroelectric and the other With a high dielectric constant 
insulator, are used to program the ferroelectric capacitor at 
loWer voltages. Since the capacitances are more or less 
comparable, the programming voltage Will divide more 
equally, resulting in a signi?cant fraction across the ferro 
electric capacitor. 

[0014] It should be mentioned that other repressed 
memory devices have been proposed. For example, a 
repressed memory Where the NVRAM function is provided 
by a ?ash memory type structure for the gate of the transfer 
device is described in the commonly assigned, copending 
application entitled “DRAM AND SRAM MEMORY 
CELLS WITH REPRESSED MEMORY” (Ser. No. (09/362, 
909, ?led Jul. 29, 1999), Which application is incorporated 
herein by reference for all purposes. It Will be appreciated 
that these memories do not function like the shadoW RAM 
disclosed in US. Pat. No. 5,399,516 (“Method of Making a 
ShadoW Ram Cell Having a ShalloW Trench EEPROM”), 
storing the same information on both memory planes. 

[0015] In contrast, U.S. application Ser. No. 09/385,380, 
describes a memory cell 1‘" having ?rst and second operat 
ing modes. The memory cell 1‘" includes a charge transfer 
transistor 14 having a gate adjacent to a channel region 
coupling source and drain regions, a digitline 12 coupled to 
one of the source and drain regions, a storage capacitor 16 
coupled to the other of the source and drain regions, a 
ferroelectric capacitor 32, and a Wordline 10 coupled to the 
gate by the ferroelectric capacitor 32. The polysilicon ver 
tical interconnect connecting the ferroelectric capacitor 32 
With oxide layer covering the gate of the transistor 14 forms 
an intrinsic capacitor 30. See FIG. Data is Written to 
and read out of the storage capacitor during the ?rst oper 
ating mode, i.e., a normal DRAM access speeds, and Written 
to and read out of the ferroelectric capacitor during the 
second mode of operation, i.e., at speeds several times 
sloWer than normal DRAM access speeds. 

[0016] It Would be very desirable if a memory cell or 
device could be developed With all of the positive features 
of DRAMS, i.e., cost, siZe, speed, availability, etc., Which 
also is nonvolatile, i.e., maintains its memory state With 
poWer removed. It Would be highly desirable to have a 
memory element and corresponding system that functions at 
speeds comparable to that of today’s DRAMs. It Would also 
be desirable if at least one logic device could be implement 
using a modi?ed form of the memory cell. 

SUMMARY OF THE INVENTION 

[0017] Based on the above and foregoing, it can be appre 
ciated that there presently exists a need in the pertinent art 
Which mitigates the above-described de?ciencies. 

[0018] In one aspect, the present invention provides a one 
transistor/one capacitor (1T/1C) memory cell including a 
ferroelectric capacitor operatively coupled to the gate elec 
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trode of a charge ampli?er. Preferably, the ferroelectric 
capacitor has a small surface area relative to the surface area 
of the gate electrode and, most preferably, the ferroelectric 
capacitor is an edge de?ned ferroelectric capacitor. In an 
exemplary embodiment, the charge ampli?er is a transistor. 

[0019] In another aspect, the present invention provides a 
memory cell including a charge ampli?er having a gate 
adjacent to a channel region coupling source and drain 
regions, a digitline coupled to one of the source and drain 
regions, a ground lead coupled to the other of the source and 
drain regions, a ferroelectric capacitor coupled to the gate, 
and a Wordline coupled to the ferroelectric capacitor. Advan 
tageously, the charge ampli?er can be a transistor. Prefer 
ably, the gate is coupled to the ferroelectric capacitor by 
polysilicon, the junction formed at the gate has an intrinsic 
capacitance, and the capacitance of the ferroelectric capaci 
tor is based on the magnitude of the intrinsic capacitance. 
Alternatively, the gate is coupled to the ferroelectric capaci 
tor by polysilicon, the junction formed at the gate has an 
intrinsic capacitance, and the physical siZe of the ferroelec 
tric capacitor is based on the magnitude of the intrinsic 
capacitance. In this case, the thickness of a ferroelectric 
material layer in the ferroelectric capacitor can be based on 
the magnitude of the intrinsic capacitance. 

[0020] In yet another aspect, the present invention pro 
vides a one transistor/one capacitor (1T/1C) memory cell 
array, Wherein each of the 1T/1C memory cells is a ferro 
electric capacitor operatively coupled to the gate electrode 
of a charge ampli?er. Preferably, the charge ampli?er is a 
transistor and, most preferably, the charge ampli?er is a 
CMOS transistor. In an exemplary embodiment, the memory 
cell array is N roWs by M columns of memory cells, and 
Wherein the each of the M columns is de?ned by an 
associated digitline and an associated source line. 

[0021] In still another aspect, the present invention pro 
vides a memory cell array, including a plurality of memory 
cells organiZed as an array of roWs and columns, at least one 
of the memory cells being a non-volatile memory cell 
including a charge transistor having a gate opposing a 
channel region coupling source and drain regions, a digitline 
coupled to the drain region, a source line coupled to the 
source region, a ferroelectric capacitor Which stores data 
coupled to the gate, a Wordline coupled to the ferroelectric 
capacitor, and a sense ampli?er coupled to the digitline of 
the at least one memory cell. 

[0022] In another aspect, the present invention provides a 
processor based system, including a processor, and a 
memory cell array coupled to the processor, the memory cell 
array including a plurality of memory cells organiZed as an 
array of roWs and columns, at least one of the memory cells 
being a non-volatile memory cell including a charge ampli 
?er including a gate opposing a channel region coupling 
source and drain regions, a digitline coupled to the drain 
region, a source line coupled to the source region, a ferro 
electric capacitor coupled to the gate, a Wordline coupled to 
the ferroelectric capacitor, and a sense ampli?er coupled to 
the digitline of the at least one memory cell. 

[0023] In a still further aspect, the present invention pro 
vides a memory module, including a substrate including a 
circuit board, a plurality of memory chips mounted on the 
die substrate, Wherein one or more of the memory chips 
comprise a memory cell array fabricated on the semicon 
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ductor chip communicating With a processor, the memory 
cell array including at least one non-volatile memory cell 
including a ferroelectric capacitor operatively coupled to the 
gate of a charge ampli?er. 

[0024] In still another aspect, the present invention pro 
vides a method for reading information from a one transis 
tor/one capacitor (IT/1C) memory cell having a charge 
ampli?er including a gate disposed adjacent to a channel 
region coupling source and drain regions, a digitline coupled 
to drain region, a source line coupled to the source region, 
a ferroelectric capacitor coupled to the gate, and a Wordline 
coupled to the ferroelectric capacitor, the method including 
grounding the source line, asserting the Wordline and dig 
itline, amplifying the charge on the ferroelectric capacitor, 
and determining the resultant charge on the digitline. 

[0025] In yet another aspect, the present invention pro 
vides a method for Writing information to a one transistor/ 
one capacitor (1T/ 1C) memory cell having a charge ampli 
?er including a gate disposed adjacent to a channel region 
coupling source and drain regions, a digitline coupled to 
drain region, a source line coupled to the source region, a 
ferroelectric capacitor coupled to the gate, and a Wordline 
coupled to the ferroelectric capacitor, the method including 
asserting the source line, asserting the Wordline to thereby 
apply a potential greater than the coercive voltage of the 
ferroelectric capacitor across the ferroelectric capacitor and 
the charge ampli?er. 

[0026] In another aspect, the present invention provides a 
logic element, including N+1 source/drain regions, N chan 
nels, each channel coupling adjacent ones of the N+1 
source/drain regions, N gates disposed adjacent to the N 
channels, N ferroelectric capacitors, each of the N ferro 
electric capacitors coupled to a respective one of the N gates, 
N Wordlines, each of the N Wordlines coupled to a respective 
one of the N ferroelectric capacitors, a digitline couple to an 
end one of the N+1 source/drain regions, and a source line 
coupled to the other end one of the N+1 source/drain 
regions. Preferably, the logic element is operated by asser 
tion of all of the N Wordlines. Advantageously, the ferro 
electric capacitors are edge de?ned ferroelectric capacitors. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0027] These and various other features and aspects of the 
present invention Will be readily understood With reference 
to the folloWing detailed description taken in conjunction 
With the accompanying draWings, in Which: 

[0028] FIG. 1(a) illustrates a ?rst use of a ferroelectric 
capacitor in a conventional memory cell; 

[0029] FIG. 1(a) illustrates a second use of a ferroelectric 
capacitor in a conventional memory cell; 

[0030] FIG. 1(c) illustrates a third use of a ferroelectric 
capacitor in a conventional memory cell; 

[0031] FIG. 1(a) illustrates a fourth use of a ferroelectric 
capacitor in a memory cell; 

[0032] FIG. 2(a) illustrates a NVRAM memory cell 
employing a ferroelectric capacitor according to the present 
invention; 
[0033] FIG. 2(b) illustrates a NVRAM memory cell array 
employing a ferroelectric capacitor according to the present 
invention; 
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[0034] FIG. 3(a) illustrates selected portions of the com 
ponents used in the memory cell depicted in FIGS. 2(a) and 
2(b); 
[0035] FIG. 3(b) illustrates the hysteresis characteristic of 
the ferroelectric capacitor employed in the memory cell 
illustrated in FIGS. 2(a) and 2(b); 

[0036] FIG. 4 is a high-level block diagram of a memory 
array device Which can be fabricated using the memory cell 
depicted in FIG. 2(b); 

[0037] FIG. 5 is a How chart illustrating a method for 
accessing the memory cell depicted in FIG. 2(a); 

[0038] FIGS. 6(a), 6(c) 6(e) illustrate the application of 
various voltages to selected portions of the circuitry illus 
trated in FIG. 2(a); 

[0039] FIGS. 6(b), 6(a) 6(}‘) are hysteresis diagrams illus 
trating the effects on the ferroelectric capacitor of the 
voltages speci?ed in FIGS. 6(a), 6(c) 6(e), respectively; 
[0040] FIG. 7 illustrates a NAND logic device Which is 
formed using the basic NVRAM cell according to the 
present invention; 

[0041] FIG. 8 is a How chart illustrating the process How 
for fabricating the memory cell illustrated in FIG. 2(a); 

[0042] FIGS. 9(a) through 9(0) illustrate one of plan and 
section vieW of a Workpiece at various steps of the process 
How illustrated in FIG. 8; 

[0043] FIG. 10 is a plan vieW of a memory module having 
memory chips constructed according to the present inven 
tion; and 

[0044] FIG. 11 is a high-level block diagram of a proces 
sor-based system employing NVRAM memory chips con 
structed according to the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0045] Illustrative embodiments and exemplary applica 
tions Will noW be described With reference to the accompa 
nying draWings Which disclose the advantageous teachings 
of the present invention. 

[0046] While the present invention is described herein 
With reference to illustrative embodiments for particular 
applications, it should be understood that the invention is not 
limited thereto. Those having ordinary skill in the art and 
access to the teachings provided herein Will recogniZe 
additional modi?cations, applications, and embodiments 
and equivalent substitutions Within the scope of the inven 
tion and additional ?elds in Which the present invention 
Would be of signi?cant utility. 

[0047] FIG. 2(a) illustrates the basic transistor and 
memory cell 100 electrical con?guration according to the 
present invention, Which preferably includes a transistor 114 
connected betWeen a source line 116 and a digitline 112. In 
addition, a stacked capacitor gate structure is provided, 
Which includes a polysilicon gate capacitance 120 and a 
small area ferroelectric capacitor 118. More speci?cally, the 
memory cell 100 according to the present invention includes 
a Wordline 110, a digitline 112, a transfer device, e.g., a 
transistor, 114, a source line 116 and a ferroelectric capacitor 
118. It Will be appreciated that the transition betWeen the 
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active region of the transfer device 114 and the polysilicon 
interconnect 122 to the Wordline 110 is an oxide layer 120a, 
Which forms a gate capacitor 120. The basic memory cell 
100 advantageously can be employed in the memory cell 
array 142 illustrated in FIG. 2(b), Which is discussed in 
greater detail beloW. 

[0048] A more detailed illustration of the transfer device 
114, intrinsic gate capacitor 120, polysilicon interconnect 
122 and ferroelectric capacitor 118 is provided in FIG. 3(a). 
It should be mentioned that the ferroelectric capacitor 118 
preferably includes Platinum (Pt) electrodes 118a, 118c 
sandWiching a ferroelectric layer 118b, Which Will be 
described in greater detail beloW. The characteristics of the 
ferroelectric layer 118b and the gate oxide layer 120a are 
listed in the table beloW. 

[0049] FIG. 3(b) illustrates a hysteresis loop characteristic 
of ferroelectric material 118b in comparison to the linear 
response of an oxide material 120a. In FIG. 3(b), Vc 
indicates coercive voltage, QI is remnant charge, OS is 
saturation charge; the Y axis represents charge/centimeter 
squared in micro-coulombs. It Will be appreciated that as 
long as the applied voltage is less than Vc, the charge Will 
folloW the linear pro?les indicated for layers 118b and 120a. 
Once VC has been exceeded, Which corresponds to an 
applied voltage of approximately 1 V, the layer 118b folloWs 
the hysteresis pro?le. Thus, by applying a relatively large 
voltage, e.g., :5 .0 V, the layer 118b Will exhibit a remnant 
charge Or, Which advantageously can be positive or nega 
tive. Since QI Will effect the threshold voltage Vth of tran 
sistor 114, the polarity of QI can be determined by ascer 
taining the effect on Vth, as discussed in greater detail beloW. 

TABLE I 

Ferroelectric Gate Oxide 
Layer Layer 118b Layer 120a 

Thickness 800A 100A 
Relative Permittivity q 80 4 
Area 0.2 ,umz 1.0 ,umz 
Capacitance Per Unit Area 8.85 fF/,um2 3.54 fF/,um2 
Capacitance of Device 1.77 fF 3.54 fF 

[0050] It should also be mentioned that the ferroelectric 
characteristics depicted in FIG. 3(b) and Table I are that of 
a common ferroelectric, e.g., SrBiTaO, although other fer 
roelectric materials advantageously can be used, as dis 
cussed in greater detail beloW. 

[0051] It Will be appreciated that since the effective dielec 
tric constant of the ferroelectric material is so large, only a 
small area is required for the ferroelectric capacitor 118. In 
contrast, the capacitor 120 has the normal gate capacitance 
of a minimum-siZed transistor 114 in CMOS technology. For 
purposes of illustration, the values presented in Table I are 
characteristic of 1 micron CMOS technology employing 5V 
poWer supplies. It Will be appreciated that these values 
advantageously can be scaled, as appropriate, to smaller 
CMOS technologies With critical dimensions smaller than 1 
micron. As mentioned above, the gate capacitance, i.e., the 
intrinsic capacitance of capacitor 120, of a transistor 114 in 
this technology With a gate oxide thickness of approximately 
100 A is about 3.3 fF. 

[0052] As mentioned above, the charge storage element of 
a ferroelectric memory cell consists of a ferroelectric ?lm 
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sandWiched betWeen tWo electrodes. Lead Zirconate titan 
ates, PbZrXTi1_XO3 (PZT) With x=0.4-0.53 are most studied 
materials for the ferroelectric ?lm. It Will be appreciated that 
this is because PZT ?lms With thickness from 500 to 4000 
A can ?ll the ferroelectric material requirements to a sub 
stantial degree. Furthermore, it has been shoWn that PZT 
?lm processing can be done in combination With standard 
integrated circuit processing, as discussed in the article by R. 
Cuppens, et al., entitled “Ferroelectrics for Non-volatile 
Memories” (Microelectronic Engineering, 19 (1992), pp. 
245-252, 1992). Other thin-?lm materials potentially usable 
for nonvolatile memory devices include BaMgF4 and 
Bi4Ti3O12 for application With the ferroelectric material gate 
insulator in a ?eld effect transistor Moreover, 
BaTiO3, SrTiO3 and (Sr,Ba)TiO3 advantageously can be 
employed for application as dielectrics in DRAMs. 

[0053] Another important class of ferroelectric materials 
is the bismuth (Bi)-layer oxides. Bi-layer ferroelectric 
oxides have large polariZation along the a or b axis, but no 
or little polariZation along the c axis. Bi4Ti3O12 is a typical 
bi-layer ferroelectric material. HoWever, the obtained rem 
nant polariZation is very small, i.e., less than 10 ptC/cm2 and 
fatigue endurance is less than optimal. Recently, other types 
of bi-layer oxides, such as SrBi2Ta2O9 or SrBi2Nb2O9hve 
demonstrated acceptable endurance. Amanuma, et al., 
recently reported a simple solution deposition process of 
SrBiZTaZO9 (SBT) thin ?lms in the article entitled “Prepa 
ration and Ferroelectric Properties of SrBi2Ta2O9 Thin 
Films” (Appl. Phys. Lett., 66 (2), pp. 221-223, 1995). 

[0054] Referring back to FIG. 3(a), the ferroelectric 
capacitor 118 is illustrated as a capacitor on top of the gate 
of the transistor 114, Which is connected to the gate of 
transistor 114 by polysilicon interconnect 122, Which is, in 
an exemplary case, approximately 2000 A thick. Preferably, 
the ferroelectric capacitor 118 is fabricated by depositing a 
ferroelectric material betWeen tWo Pt plates or electrodes, 
one of the electrodes, e.g., electrode 118a, being a vertical 
Pt Wordline. The ferroelectric capacitor 118 advantageously 
has an effective plate area of only about one-?fth that of the 
gate oxide capacitor 120. Moreover, the ferroelectric dielec 
tric 118b Will typically be thicker, approximately 800 A, 
than the gate oxide 120a, approximately 100 It Will be 
appreciated that by properly siZing the ferroelectric capaci 
tor 118 and the intrinsic gate capacitor 120, the gate oxide 
capacitance and the ferroelectric capacitances can be made 
comparable. Thus, When the coercive or programming volt 
age VC of the ferroelectric capacitor 118 is on the order of 
1V, then the memory cell 100 can be programmed With a 
voltage as loW as 15V. It Will be appreciated that both of 
these values are consistent With and, in fact, less than used 
in 1 micron ?ash memory CMOS technology. 

[0055] Thus, one preferred embodiment of the present 
invention is a one transistor/one capacitor (1T/ 1C) memory 
cell including a ferroelectric capacitor operatively coupled 
to the gate electrode of a charge ampli?er. Preferably, the 
ferroelectric capacitor has a small surface area relative to the 
surface area of the gate electrode and, most preferably, the 
ferroelectric capacitor is an edge de?ned ferroelectric 
capacitor, i.e., a capacitor formed by running the ferroelec 
tric ?lm over a step in the Workpiece and then anisotropi 
cally etching the ?lm in the vertical direction. In an exem 
plary embodiment, the charge ampli?er is a transistor. 
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[0056] An exemplary embodiment according to the 
present invention provides a memory cell including a charge 
ampli?er having a gate adjacent to a channel region coupling 
source and drain regions, a digitline coupled to one of the 
source and drain regions, a ground lead coupled to the other 
of the source and drain regions, a ferroelectric capacitor 
coupled to the gate, and a Wordline coupled to the ferro 
electric capacitor. Advantageously, the charge ampli?er can 
be a transistor. Preferably, the gate is coupled to the ferro 
electric capacitor by polysilicon, the junction formed at the 
gate has an intrinsic capacitance, and the capacitance of the 
ferroelectric capacitor is based on the magnitude of the 
intrinsic capacitance. Alternatively, the gate is coupled to the 
ferroelectric capacitor by polysilicon, the junction formed at 
the gate has an intrinsic capacitance, and the physical siZe of 
the ferroelectric capacitor is based on the magnitude of the 
intrinsic capacitance. In this case, the thickness of a ferro 
electric material layer in the ferroelectric capacitor can be 
based on the magnitude of the intrinsic capacitance. In an 
exemplary case, the ferroelectric capacitor is a dielectric 
layer of lead Zirconate titanate (PZT). Most preferably, the 
PZT forming the ferroelectric capacitor is of the form 
PbZrXTi1_XO3 With X ranging betWeen 0.4 and 0.53 

[0057] Referring noW to FIG. 2(b), the memory array 142 
advantageously can be formed from the NVRAM memory 
cell illustrated in FIG. 2(a). Preferably, the memory cell 
array 142 includes a plurality of NVRAM memory cells, 
e.g., cells 100a, 100b, 100C, connected to one another by a 
common Word line W1. Each of the NVRAM memory cells, 
e.g., NVRAM memory cell 100a, advantageously can be 
addressed by a corresponding digit line, e.g., digit line D1, 
Which preferably addresses other NVRAM memory cells, 
e.g., cell 100a', and Which can be recharged for read out via 
a pullup transistor, e.g., transistor T1. It Will be appreciated 
that transistor T1 is sWitched for readout in the normal 
manner. In addition, the source terminals for a column of 
memory cells 100 are connected to a ground via a sWitch S1. 
It Will be appreciated that all of the sWitches advantageously 
can be closed during a read operation of the memory array 
142 but can be selectively operated during a Write operation, 
i.e., in order to Write data to a selected one of the memory 
cells in the memory array 142, the corresponding source line 
is asserted. 

[0058] Thus, an exemplary one transistor/one capacitor 
(1T/ 1C) memory cell array is provided by the present 
invention. In the exemplary case under discussion, each of 
the 1T/1C memory cells is a ferroelectric capacitor opera 
tively coupled to the gate electrode of a charge ampli?er. 
Preferably, the charge ampli?er is a transistor and, most 
preferably, the charge ampli?er is a CMOS transistor. In an 
exemplary embodiment, the memory cell array is N roWs by 
M columns of memory cells, and Wherein the each of the M 
columns is de?ned by an associated digitline and an asso 
ciated source line. 

[0059] Referring to FIG. 4, an exemplary DRAM circuit 
140 is illustrated. The DRAM 140 contains a memory cell 
array 142, roW and column decoders 144, 148 and a sense 
ampli?er circuit 146. The memory cell array 142 consists of 
a plurality of memory cells 100 (constructed as illustrated in 
FIG. 2(a)) Whose Word lines 110 and digitlines 112 are 
commonly arranged into roWs and columns, respectively. 
The digitlines 112 of the memory array 142 are connected to 
the sense ampli?er circuit 146, While its Word lines 110 are 
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connected to the roW decoder 144. The source lines for all 
memory cells 100 is grounded, preferably by source line 
116. Address and control signals are input into the DRAM 
140 and connected to the column decoder 148, sense ampli 
?er circuit 146 and roW decoder 144 and are used to gain 
read and Write access, among other things, to the memory 
array 142. 

[0060] The column decoder 148 is connected to the sense 
ampli?er circuit 146 via control and column select signals. 
The sense ampli?er circuit 146 receives input data destined 
for the memory array 142 and outputs data read from the 
memory array 142 over input/output (I/O) data lines. Data is 
read from the cells of the memory array 142 by activating a 
Word line (via the roW decoder 144), Which couples all of the 
memory cells 100 corresponding to that Word line 110 to 
respective digitlines 112, Which de?ne the columns of the 
array. One or more of the digitlines 112 are also activated. 
When a particular Wordline-digitline pair is activated, the 
sense ampli?er circuit 146 connected to a digitline column 
detects and ampli?es the data bit impressed on the capacitor 
118 of the memory cell 100 to its respective digit line 112 by 
measuring the potential difference betWeen the activated 
digitline and a reference line Which may be an inactive bit 
line. The operation of DRAM sense ampli?ers is described, 
for example, in US. Pat. Nos. 5,627,785, 5,280,205, and 
5,042,011, all of Which are assigned to Micron Technology 
Inc., and all of Which are incorporated herein by reference 
for all purposes. 

[0061] Thus, a memory cell array according to the present 
invention includes a plurality of memory cells organiZed as 
an array of roWs and columns, Where at least one of the 
memory is a non-volatile memory cell having a charge 
transistor having a gate opposing a channel region coupling 
source and drain regions, a digitline coupled to the drain 
region, a source line coupled to the source region, a ferro 
electric capacitor Which stores data coupled to the gate, a 
Wordline coupled to the ferroelectric capacitor, and a sense 
ampli?er coupled to the digitline of the at least one memory 
cell. Preferably, the ferroelectric capacitor has a surface area 
Which is small relative to the surface area of the gate. Most 
preferably, the ferroelectric capacitor is an edge de?ned 
ferroelectric capacitor. In an exemplary case, the data is 
Written into the ferroelectric capacitor When the Wordline 
and source line are asserted and the data is read from the 
non-volatile memory cell When the Wordline, the digitline 
and the source line are asserted. In an exemplary case, an 
asserted source line is a grounded source line. Preferably, the 
charge ampli?er ampli?es the charge stored in the ferroelec 
tric capacitor by at least one order of magnitude. In any 
event, the charge ampli?er ampli?es the charge stored in the 
ferroelectric capacitor by a predetermined gain factor. The 
charge ampli?er advantageously can be a transistor. 

[0062] The operation of the memory cell 100 according to 
the present invention Will noW be described While referring 
to FIGS. 2(b), 5, and 6(a)-6(}‘). 

[0063] Referring noW to FIG. 5, after the system in Which 
the memory device 142 is located is initialiZed, a check is 
?rst performed to determine Whether the memory cells 100 
are being accessed for a read operation during step 502. If 
the ansWer is affirmative, all of the source lines are coupled 
to ground potential during step 504 by operation of sWitches 
S1, S2, etc., and then a read operation is performed in the 



US 2002/0001219 A1 

normal manner for a DRAM, i.e., the Wordline and digitlines 
for a particular memory cell are asserted, during step 506, 
Which read operation is Well known to one of ordinary skill 
in the art and Will not be described further in the interest of 
brevity. HoWever, the principal Which permits the memory 
cell 100 to be read out normally Will be discussed beloW. 
Irrespective of Whether step 506 or step 510 (discussed 
beloW) is performed, step 502 is then repeated. It Will be 
appreciated that as long as the voltage applied to the 
Wordline 110 remains in the normal operating range of the 
transistor 114, e.g., 3 V, the coercive voltage of the ferro 
electric capacitor 118 is not exceeded and the state of the 
ferroelectric capacitor is unchanged. See FIGS. 6(a) and 
6(b). 
[0064] When the ansWer at step 502 is negative, the source 
line for all of the memory cells are deasserted, i.e., the 
sWitches S1, S2, etc., are opened during step 508. Then, a 
voltage in excess of the coercive voltage Vc for the ferro 
electric capacitor 118 is applied to the Wordline 110 of 
memory cell 100 While the source 116 for the selected cell(s) 
is(are) grounded and all other source lines 112 are open 
circuited. Avoltage in excess of the coercive voltage Vc for 
the ferroelectric capacitor 118 is thus applied by assertion of 
the Wordline 110 and source line 116 for the selected 
memory cell. It Will be appreciated that the value stored in 
the ferroelectric capacitor 118 is determined by the polarity 
of the voltage applied. For example, as illustrated in FIGS. 
6(c) and 6(a'), When a +5V potential is applied to Wordline 
110, a value corresponding to one digital level, e.g., “one,” 
is stored in the ferroelectric capacitor 118. In contrast, 
application of a —5V potential to the Wordline results in the 
opposite digital level, i.e., “Zero,” being stored in the ferro 
electric capacitor 118, as illustrated in FIGS. 6(c) and 60‘). 
It Will also be appreciated that the correspondence betWeen 
the stored charge polarity and the digital value is arbitrary; 
a positive potential advantageously can be used to Write a 
digital “Zero” into ferroelectric capacitor 118. It should be 
mentioned that the time needed to Write to the memory cell 
100 in memory array 142 is substantially to the read time for 
the memory cell. 

[0065] Thus, the read operation is achieved by driving the 
Word line to some voltage less than the coercive or pro 
gramming voltage, and reading the conductivity of the 
transistor. The capacitance of the Wordline 110 of each 
memory cell 100 advantageously be comparable to that in 
DRAMs since the gate capacitances are in series and, in the 
exemplary case under discussion, about 1fF. It should be 
mentioned at this point that unlike the transistor in a con 
ventional DRAM, the transistor 114 is not a passive transfer 
gate, but rather provides gain and charge multiplication. If 
the charge differences on the ferroelectric capacitor 118 are 
10 MC/cmZ, and the area is 2x10‘9 cm2, then the charge 
difference in the memory cell 100 itself is 2 fC. HoWever, it 
Will be appreciated that this charge is multiplied during the 
read operation by the transistor 114. Thus, if the difference 
in charge states of the ferroelectric capacitor 118 results in 
a drain current difference of 100 uA in the transistor 114 
during a read cycle of 1 nanosecond (ns), then the differ 
ences in charge on the data or bit line 112 during read 
operation is approximately 100 fC. It Will be appreciated that 
this value is comparable to that obtained using current 
DRAMs equipped With 30 ferroelectric capacitor storage 
capacitors and 3 V potential differences. 
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[0066] Thus, one exemplary embodiment of the present 
invention is a method for reading information from a one 
transistor/one capacitor (1T/ 1C) memory cell having a 
charge ampli?er including a gate disposed adjacent to a 
channel region coupling source and drain regions, a digitline 
coupled to drain region, a source line coupled to the source 
region, a ferroelectric capacitor coupled to the gate, and a 
Wordline coupled to the ferroelectric capacitor, the method 
including grounding the source line, asserting the Wordline 
and digitline, amplifying the charge on the ferroelectric 
capacitor, and determining the resultant charge on the dig 
itline. Preferably, a voltage less than the coercive voltage of 
the ferroelectric capacitor is asserted on the Wordline While 
a predetermined voltage, e.g., VDD, is asserted on the 
digitline. 
[0067] A complementary embodiment of the present 
invention is a method for Writing information to a one 

transistor/one capacitor (1T/ 1C) memory cell having a 
charge ampli?er including a gate disposed adjacent to a 
channel region coupling source and drain regions, a digitline 
coupled to drain region, a source line coupled to the source 
region, a ferroelectric capacitor coupled to the gate, and a 
Wordline coupled to the ferroelectric capacitor, the method 
including asserting the source line, and asserting the Word 
line to thereby apply a potential greater than the coercive 
voltage of the ferroelectric capacitor across the ferroelectric 
capacitor and the charge ampli?er. 

[0068] It Will be appreciated that several ferroelectric 
capacitor/transistor pairs advantageously can be fabricated 
into a NAND gate 175, as illustrated in FIG. 7. In the 
NAND gate 175, a plurality of ferroelectric capacitor FCA, 
FCB, FCC, and FCD are coupled to the gates of respective 
transistors TA, TB, TC, and TD. From FIG. 7, it Will be 
noted that the output of NAND gate 175 can be sensed on 
digitline 179 When all of the gates are asserted. In an 
exemplary case, all of the gates of transistor TA-TD are 
asserted When the Wordlines 177, e.g., Wordlines W1, W2, 
W3, and W4, are all asserted. The source of transistor TA 
advantageously can be coupled to ground. 

[0069] Stated another Way, a logic device according to the 
present invention includes N+1 source/drain regions, N 
channels, each channel coupling adjacent ones of the N+1 
source/drain regions, N gates disposed adjacent to the N 
channels, N ferroelectric capacitors, each of the N ferro 
electric capacitors coupled to a respective one of the N gates, 
N Wordlines, each of the N Wordlines coupled to a respective 
one of the N ferroelectric capacitors, a digitline couple to an 
end one of the N+1 source/drain regions, and a source line 
coupled to the other end one of the N+1 source/drain 
regions. Preferably, the logic element is operated by asser 
tion of all of the N Wordlines. Advantageously, the ferro 
electric capacitors are edge de?ned ferroelectric capacitors. 

[0070] As previously mentioned, the ferroelectric capaci 
tor 118 according to the present invention advantageously 
can be an edge-de?ned ferroelectric capacitor. Fabrication of 
the ferroelectric capacitor Will be discussed With respect to 
FIG. 8. HoWever, before describing an exemplary process 
for the manufacture of memory cell 100, a brief revieW of 
the currently available technology, from Which preferred 
methodology for the fabrication of one type of edge-de?ned 
capacitors, Will be presented. It Will be appreciated that the 
method discussed immediately beloW advantageously may 
be applied to other types of edge-de?ned capacitors. 
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[0071] As discussed above, the charge storage element 
118 of a ferroelectric memory cell 100 consists of a ferro 
electric ?lm 118b sandwiched between tWo electrodes 118a, 
1186. Lead Zirconate titanates, PbZrXTi1_XO3 (PZT) With 
X=0.4-0.53 are most studied materials for memory applica 
tions, since PZT ?lms With thickness from 500 to 4000 A 
can ?ll the ferroelectric requirements to a substantial degree. 
Other thin-?lm materials Which advantageously can be 
employed in nonvolatile memory devices include BaMgF4 
and Bi4Ti3O12 for application With the ferroelectric material 
gate insulator in FET. BaTiO3, SrTiO3 and (Sr,Ba)TiO3 have 
demonstrated usefulness in application as dielectrics in 
DRAMs. 

[0072] It Will be appreciated that the use of sputtering for 
the deposition of PZT, Bi4Ti3O12 and oXides Was developed 
in the 1970s. RF diode, magnetron and ion-beam sputtering 
techniques have all been used With metallic and oXide 
targets. HoWever, it is dif?cult to prepare large, dense 
ceramic targets, Which are necessary to obtain uniform 
layers on large substrates. Therefore, reactive sputtering 
using metallic targets is more commonly used. Because of 
the volatility of Pb and PbO, the control of stoichiometry is 
a major problem, Which problem can be minimiZed by the 
use of multi-target or multi-target ion beam sputtering. This 
technique is suitable for edge-de?ned capacitors. 

[0073] Alternative techniques for the deposition of PZT 
?lms include Metal Organic Deposition (MOD) and a sol 
gel process. With these processes, the ferroelectric ?lm is 
formed by the thermal decomposition of a solution of organo 
metallic compounds Which can be spun onto the substrate. 
The subsequent drying, ?ring and annealing processes of the 
?lm strongly in?uence the morphology and ferroelectric 
properties of the PZT. It should be mentioned that thicker 
?lms can be obtained by repeating the spinning, drying and 
?ring sequence. The main advantage of these processes is 
the ease by Which compleX oXide ?lms can be prepared. 
These techniques are applicable to edge-de?ned capacitors. 

[0074] Yet another technique Which is useful in the fab 
rication of ferroelectric capacitors is Organo Metallic 
Chemical Vapor Deposition (OMCVD), Which offers advan 
tages such as good step coverage, high deposition rate, and 
loW-temperature deposition, and is particularly suitable to a 
type of edge-de?ned capacitors Which might have ferroelec 
tric material on a sideWall. Additionally, an oZone jet reac 
tive evaporation technique has been developed to deposit 
thin lead Zirconate titanate ?lms. It Will be appreciated that 
because lead has a loW af?nity With oxygen and high 
volatility, lead may re-evaporate from the ?lm and/or diff 
use into the electrode and leave lead vacancies in PZT ?lms. 
In a sol-gel or sputtering process, eXcess lead is often added 
to compensate for this lead loss. HoWever, problems result 
ing from lead diffusion into surrounding electrode material 
Was not elevated by this practice, i.e., the use of eXcess lead 
during sputtering. For a chemical vapor deposition (CVD) 
process, since the Wafer is being heated during ?lm depo 
sition, unreacted lead may easily diff-use into the electrode 
material. To mitigate the problems associated With metallic 
lead or less oXidiZed lead in the ?lm, it Was common to 
employ high-concentration oZone to oXidiZe lead vapor at 
loW temperature, and obtain a fully oXidiZed amorphous 
?lms by the co-evaporation method. Rapid thermal anneal 
ing (RTA), 650° C. for 120 seconds in oXygen ambient, is 
then used to crystalliZe the amorphous ?lm into perovskite 
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structure Without lead re-evaporation or lead diffusion. It 
Will be appreciated that this technique is particularly Well 
suited to the fabrication of edge-de?ned capacitors. Other 
methods for the preparation of ferroelectric thin ?lms 
include molecular beam epitaXy (MBE), although applica 
tion of this fabrication method makes it difficult to comply 
With competing requirements of IC production processes 
such as large Wafers, high throughput, etc. 

[0075] It Will also be appreciated that an important param 
eter, one Which Will in?uence the properties of the ferro 
electric capacitors, are the electrodes. Because of the chemi 
cal reactivity of PZT and related materials and relatively 
high processing temperatures (>600° C.), a very inert bottom 
electrode is required. In general, Pt-based electrodes are 
used Which are deposited onto silicon oXide or nitride by 
sputtering using an adhesive layer such as TiN, Ti, or the tWo 
in combination. Although relatively inert, the Pt bottom 
electrode does affect the morphology and the ferroelectric 
properties of the PZT ?lms and related materials. 

[0076] It has been reported in the literature that better 
hysteresis properties of PZT ?lms (by sol-gel process) are 
achievable When the PZT is deposited onto a multilayer 
stack of Pt/RuOZ/PZT/RuOZ/Pt. It is speculated that the 
microstructure, in particular the grain siZe of PZT, of the 
PZT ?lms Were in?uenced by RuO2. Bene?cially, ?lms With 
smaller grain siZes had larger coercive ?elds. In addition, the 
effect of microstructure on the electrical characteristics of 
sol-gel derived PZT thin ?lms deposited on a Pt electrode 
have been demonstrated using different solutions, i.e., ?lms 
With different degree of preferred orientation of the perovs 
kite crystal as Well as different grain siZe Were obtained. It 
is believed that While smaller grains are generally desired to 
obtain good device to device uniformity, the electrical 
properties of these smaller grains require further evaluation 
before they can be deemed suitable for either NVRAM 
MEMORY CELL, in particular, or DRAM applications, in 
general. 

[0077] As previously mentioned, another class of ferro 
electric materials is the bismuth (Bi)-layer oXides. Bi-layer 
ferroelectric oXides have large polariZation along the a or b 
ads, but no or little polariZation along the c aXis. Bi4Ti3O12 
is a typical bi-layer ferroelectric, and the synthesis of this 
material has been reported. HoWever, the obtained remnant 
polariZation is very small, less than 10 ptC/cm2 and fatigue 
endurance is poor. Recently, other types of bi-layer oxides, 
such as SrBi2Ta2O9 or SrBi2Nb2O9 Were found to have good 
endurance. 

[0078] Referring noW to FIG. 8, a process ?oW for 
integration of ferroelectric capacitors into the memory 
devices 140 Will noW be described. It should be mentioned 
that the process ?oW is geared to produce a memory cell 
pair; the process advantageously can be employed in fabri 
cating the memory array 142 or the NAND gate 175 by 
proper selection of various process masks. It should also be 
mentioned at this point that such integration should not 
degrade the ferroelectric properties of the ?lm. One eXample 
of process integration With a stacked capacitor structure Was 
shoWn by Onish, et al., in the article entitled “A Half-Micron 
Ferroelectric Memory Cell Technology With Stacked 
Capacitor Structure,” (1994 IEDM Digest, pp. 843-846, 
1994). HoWever, an alternative eXemplary process ?oW is 
described beloW Which advantageously can be employed in 










