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(57) ABSTRACT 

An array of memory cells con?gured to store at least one bit 
per one F2 includes substantially vertical structures providing 
an electronic memory function spaced apart a distance equal 
to one half of a minimum pitch of the array. The structures 
providing the electronic memory function are con?gured to 
store more than one bit per gate. The array also includes 
electrical contacts to the memory cells including the substan 
tially vertical structures. The cells canbe programmed to have 
one of a number of charge levels trapped in the gate insulator 
adjacent to the ?rst source/drain region such that the channel 
region has a ?rst voltage threshold region (V t1) and a second 
voltage threshold region (Vt2) and such that the programmed 
cell operates at reduced drain source current. 
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Fig. 2 
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Fig. 3 
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NROM MEMORY CELL, MEMORY ARRAY, 
RELATED DEVICES AND METHODS 

RELATED APPLICATION 

[0001] This application is a continuation of US. patent 
application Ser. No. 10/738,408 ?led Dec. 16, 2003 Which is 
commonly assigned and incorporated herein by reference in 
their entirety. 

TECHNICAL FIELD 

[0002] This invention relates to a NROM memory cells, 
arrays of such memory cells, electronic devices employing 
such memory cells and arrays, and methods related to such 
memory cells. 

BACKGROUND OF THE INVENTION 

[0003] Various types of memory devices are used in elec 
tronic systems. Some types of memory device, such as 
DRAM (dynamic random access memory) provide large 
amounts of readable and Writable data storage With modest 
poWer budget and in favorably small form factor, but are not 
as fast as other types of memory devices and provide volatile 
data storage capability. Volatile data storage means that the 
memory must be continuously poWered in order to retain 
data, and the stored data are lost When the poWer is inter 
rupted. Nonvolatile memories are capable of retaining data 
Without requiring electrical poWer. 

[0004] Other types of memory can provide read-only or 
read-Write capabilities and non-volatile data storage, but are 
much sloWer in operation. These include CD-ROM devices, 
CD-WORM devices, magnetic data storage devices (hard 
discs, ?oppy discs, tapes and so forth), magneto-optical 
devices and the like. 

[0005] Still other types of memory provide very high speed 
operation but also demand high poWer budgets. Static RAM 
or SRAM is an example of such memory devices. 

[0006] In most computer systems, different memory types 
are blended to selectively gain the bene?ts that each technol 
ogy can offer. For example, read-only memories or ROM, 
EEPROM and the like are typically used to store limited 
amounts of relatively infrequently-accessed data such as a 
basic input-output system. These memories are employed to 
store data that, in response to a poWer ON situation, con?gure 
a processor to be able to load larger amounts of softWare such 
as an operating system from a high capacity non-volatile 
memory device such as a hard drive. The operating system 
and application softWare are typically read from the high 
capacity memory and corresponding images are stored in 
DRAM. 

[0007] As the processor executes instructions, some types 
of data may be repeatedly fetched from memory. As a result, 
some SRAM or other high speed memory is typically pro 
vided as “cache” memory in conjunction With the processor 
and may be included on the processor integrated circuit or 
chip and/or very near it. 

[0008] Several different kinds of memory device are 
involved in most modern computing devices, and in many 
types of appliances that include automated and/or program 
mable features (home entertainment devices, telecommuni 
cations devices, automotive control systems etc.). As system 
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and softWare complexity increase, need for additional 
memory increases. Desire for portability, computation poWer 
and/or practicality result in increased pressure to reduce both 
poWer consumption and circuit area per bit. 

[0009] DRAMs have been developed to very high capaci 
ties in part because the memory cells can be manufactured to 
have a very small area, and the poWer draW per cell can also be 
made quite small. In turn, this alloWs memory integrated 
circuits to be made that incorporate millions of memory cells 
in each chip. Typical one-transistor, one-capacitor DRAM 
memory cells can be produced to have extremely small areal 
requirements. 

[0010] Such areas are often equal to about 3 F><2 F, or less, 
Where “F” is de?ned as equal to one-half of minimum pitch 
(see FIG. 4, infra). Minimum pitch (i.e., “P”) is de?ned as 
equal to the smallest distance of a line Width (i.e., “W”) plus 
Width of a space immediately adjacent the line on one side of 
the line betWeen the line and a next adjacent line in a repeated 
pattern Within the array (i.e., “S”). Thus, in many implemen 
tations, the consumed area of a given DRAM cell is no greater 
than about 8 F2. 

[0011] HoWever, because DRAMs are volatile memory 
devices, they require “refresh” operations. In a refresh opera 
tion, data are read out of each memory cell, ampli?ed and 
Written back into the DRAM. As a ?rst result, the DRAM 
circuit is usually not available for other kinds of memory 
operations during the refresh operation. Additionally, refresh 
operations are carried out periodically, resulting in times dur 
ing Which data cannot be readily extracted from or Written to 
DRAMs.As a second result, some amount of electrical poWer 
is alWays needed to store data in DRAM devices. 

[0012] As a third result, boot operations for computers such 
as personal computers involve a period during Which the 
computer cannot be used folloWing poWer ON initiation. 
During this period, operating system instructions and associ 
ated data, and application instructions and associated data, 
are read from relatively sloW, non-volatile memory, such as a 
conventional disc drive, are decoded by the processing unit 
and the resultant instructions and associated data are loaded 
into modules incorporating relatively rapidly-accessible, but 
volatile, memory such as DRAM. Other consequences ?oW 
from the properties of the memory systems included in vari 
ous electronic devices and the increasingly complex softWare 
employed With them, hoWever, these examples serve to illus 
trate ongoing needs. 

[0013] Needed are methods and apparatus relating to non 
volatile memory providing high areal data storage capacity, 
reprogrammability, loW poWer consumption and relatively 
high data access speed. 

SUMMARY OF THE INVENTION 

[0014] In a ?rst aspect, the present invention includes a 
method for making an array of memory cells con?gured to 
store at least one bit per one F2. The method includes doping 
a ?rst region of a semiconductor substrate and incising the 
substrate to provide an array of substantially vertical edge 
surfaces. Pairs of the edge surfaces face one another and are 
spaced apart a distance equal to one half of a pitch of the array 
of edges. The method also includes doping second regions 
betWeen the pairs of edge surfaces and disposing respective 
structures each providing an electronic memory function on 
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at least some respective ones of the edge surfaces. The 
method also includes establishing electrical contacts to the 
?rst and second regions. 

[0015] In another aspect, the present invention includes a 
method for making an array of memory cells con?gured to 
store at least one bit per one F2. The method includes dispos 
ing substantially vertical structures providing an electronic 
memory function spaced apart a distance equal to one half of 
a minimum pitch of the array and establishing electrical con 
tacts to memory cells including the vertical structures. 

[0016] In a further aspect, the present invention includes an 
array of memory cells con?gured to store at least one bit per 
one F2 formed using vertical structures providing an elec 
tronic memory function spaced apart a distance equal to one 
half of a minimum pitch of the array. The structures providing 
the electronic memory function are con?gured to store more 
than one bit per gate. The array also includes electrical con 
tacts to the memory cells including the vertical structures. 

[0017] In a still further aspect, the present invention 
includes a vertical metal oxide semiconductor ?eld effect 
transistor (MOSFET) extending outWardly from a substrate, 
the MOSFET having a ?rst source/ drain region, a second 
source/ drain region, a channel region betWeen the ?rst and the 
second source/drain regions, and a gate separated from the 
channel region by a gate insulator. A sourceline is formed in 
a trench adjacent to the vertical MOSFET, Wherein the ?rst 
source/drain region is coupled to the sourceline. A transmis 
sion line is coupled to the second source/drain region. The can 
be programmed MOSFET to have one of a number of charge 
levels trapped in the gate insulator adjacent to the ?rst source/ 
drain region such that the channel region has a ?rst voltage 
threshold region (V t1) and a second voltage threshold region 
(Vt2) and such that the programmed MOSFET operates at 
reduced drain source current. 

[0018] These and other embodiments, aspects, advantages, 
and features of the present invention Will be set forth in part in 
the description Which folloWs, and in part Will become appar 
ent to those skilled in the art by reference to the folloWing 
description of the invention and referenced draWings or by 
practice of the invention. The aspects, advantages, and fea 
tures of the invention are realiZed and attained by means of the 
instrumentalities, procedures, and combinations particularly 
pointed out in the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] Embodiments of the invention are described beloW 
With reference to the folloWing accompanying draWings. 

[0020] FIG. 1 is a simpli?ed side vieW, in section, of a 
semiconductor substrate portion at one stage in processing, in 
accordance With an embodiment of the present invention. 

[0021] FIG. 2 is a simpli?ed side vieW, in section, of the 
substrate portion of FIG. 1 at a later stage in processing, in 
accordance With an embodiment of the present invention. 

[0022] FIG. 3 is a simpli?ed side vieW, in section, of the 
substrate portion of FIG. 2 at a later stage in processing, in 
accordance With an embodiment of the present invention. 

[0023] FIG. 4 is a simpli?edplan vieW of a substrate portion 
shoWing a portion of a memory cell array, in accordance With 
an embodiment of the present invention. 
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[0024] FIG. 5 is a simpli?ed side vieW, in section, illustrat 
ing a relationship betWeen the structures of FIGS. 1-3 and the 
plan vieW of FIG. 4, in accordance With an embodiment of the 
present invention. 

[0025] FIG. 6 is a simpli?ed plan vieW of a memory cell 
array illustrating an interconnection arrangement for the 
memory cell array of FIG. 4, in accordance With an embodi 
ment of the present invention. 

[0026] FIG. 7 is a simpli?ed side vieW, in section, taken 
along section lines 7-7 of FIG. 6, illustrating part of an inter 
connection arrangement in accordance With an embodiment 
of the present invention. 

[0027] FIG. 8 is a simpli?ed side vieW, in section, taken 
along section lines 8-8 of FIG. 6, illustrating part of an inter 
connection arrangement in accordance With an embodiment 
of the present invention. 

[0028] FIG. 9A is a block diagram ofa metal oxide semi 
conductor ?eld effect transistor (MOSFET) in a substrate 
according to the teachings of the prior art. 

[0029] FIG. 9B illustrates the MOSFET of FIG. 9A oper 
ated in the forWard direction shoWing some degree of device 
degradation due to electrons being trapped in the gate oxide 
near the drain region over gradual use. 

[0030] FIG. 9C is a graph shoWing the square root of the 
current signal (Ids) taken at the drain region of the conven 
tional MOSFET versus the voltage potential (V GS) estab 
lished betWeen the gate and the source region. 

[0031] FIG. 10A is a diagram ofa programmed MOSFET 
Which can be used as a multistate cell in accordance With an 
embodiment of the present invention. 

[0032] FIG. 10B is a diagram suitable for explaining the 
method by Which the MOSFET of the multistate cell of the 
present invention can be programmed to achieve the embodi 
ments of the present invention. 

[0033] FIG. 10C is a graph plotting the current signal (Ids) 
detected at the drain region versus a voltage potential, or drain 
voltage, (V DS) set up betWeen the drain region and the source 
region (Ids vs. VDS) in accordance With an embodiment of 
the present invention. 

[0034] FIG. 11 illustrates a portion of a memory array in 
accordance With an embodiment of the present invention. 

[0035] FIG. 12 illustrates an electrical equivalent circuit for 
the portion of the memory array shoWn in FIG. 11. 

[0036] FIG. 13 is another electrical equivalent circuit use 
ful in illustrating a read operation on the novel multistate cell 
in accordance With an embodiment of the present invention. 

[0037] FIG. 14 illustrates a portion of a memory array in 
accordance With an embodiment of the present invention. 

[0038] FIG. 15A, illustrates one embodiment of the gate 
insulator for the present invention having a number of layers, 
e.g., an ONO stack, Where the layer closest to the channel 
includes an oxide layer, and a nitride layer is formed thereon. 

[0039] FIG. 15B aids to further illustrate the conduction 
behavior of the novel multistate cell of the present invention. 

[0040] FIG. 1 6A illustrates the operation and programming 
the novel multistate cell in the reverse direction. 
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[0041] FIG. 1 6B illustrates the noW programmed multi state 
cell’s operation in the forward direction and differential read 
occurring in this differential cell embodiment, e.g., 2 transis 
tors in each cell. 

[0042] FIG. 17 illustrates a memory device in accordance 
With an embodiment of the present invention. 

[0043] FIG. 18 is a block diagram of an electrical system, or 
processor-based system, utilizing a multistate cell con 
structed in accordance With the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0044] In the folloWing detailed description of the inven 
tion, reference is made to the accompanying draWings Which 
form a part hereof, and in Which is shoWn, by Way of illustra 
tion, speci?c embodiments in Which the invention may be 
practiced. In the draWings, like numerals describe substan 
tially similar components throughout the several vieWs. 
These embodiments are described in su?icient detail to 
enable those skilled in the art to practice the invention. Other 
embodiments may be utiliZed and structural, logical, and 
electrical changes may be made Without departing from the 
scope of the present invention. 

[0045] The terms Wafer and substrate used in the folloWing 
description include any structure having an exposed surface 
With Which to form the integrated circuit (IC) structure of the 
invention. The term substrate is understood to include semi 
conductor Wafers. The term substrate is also used to refer to 
semiconductor structures during processing, and may include 
other layers that have been fabricated thereupon. Both Wafer 
and substrate include doped and undoped semiconductors, 
epitaxial semiconductor layers supported by a base semicon 
ductor or insulator, as Well as other semiconductor structures 
Well knoWn to one skilled in the art. The term conductor is 
understood to include semiconductors, and the term insulator 
is de?ned to include any material that is less electrically 
conductive than the materials referred to as conductors. The 
folloWing detailed description is, therefore, not to be taken in 
a limiting sense, and the scope of the present invention is 
de?ned only by the appended claims, along With the full 
scope of equivalents to Which such claims are entitled. 

[0046] FIG. 1 is a simpli?ed side vieW, in section, of a 
semiconductor substrate portion 20 at one stage in process 
ing, in accordance With an embodiment of the present inven 
tion. The portion 20 includes etched or incised recesses 22, 
doped regions 24 and 26 and caps 28. The etched recesses 22 
form trenches extending along an axis into and out of the page 
of FIG. 1. 

[0047] In one embodiment, the doped regions 24 are 
implanted n+ regions. In one embodiment, the doped regions 
24 are formed by a blanket implant. In one embodiment, the 
caps 28 are dielectric caps and may be formed using conven 
tional silicon nitride and conventional patterning techniques. 
In one embodiment, the etched recesses 22 are then etched 
using conventional plasma etching techniques. In one 
embodiment, the doped regions 26 are then doped by implan 
tation to form n+ regions. The etched or incised recesses 22 
may be formed by plasma etching, laser-assisted techniques 
or any other method presently knoWn or that may be devel 
oped. In one embodiment, the recesses 22 are formed to have 
substantially vertical sideWalls relative to a top surface of the 
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substrate portion 20. In one embodiment, substantially verti 
cal means at 90 degrees to the substrate surface, plus or minus 
ten degrees. 

[0048] FIG. 2 provides a simpli?ed side vieW, in section, of 
the substrate portion 20 of FIG. 1 at a later stage in processing, 
in accordance With an embodiment of the present invention. 
The portion 20 of FIG. 2 includes thick oxide regions 32, 
ONO regions 34 formed on sideWalls 36 of the recesses 22, 
gate material 38 and a conductive layer 40. In one embodi 
ment, the gate material 38 comprises conductively-doped 
polycrystalline silicon. 

[0049] In one embodiment, conventional techniques are 
employed to oxidiZe the doped regions 24 and 26 preferen 
tially With respect to sideWalls 36. As a result, the thick oxide 
regions 32 are formed at the same time as a thinner oxide 42 
on the sideWalls 36. These oxides also serve to isolate the 
doped regions 24 and 26 from What Will become transistor 
channels along the sideWalls 36. Other techniques for isola 
tion may be employed. For example, in one embodiment, high 
density plasma groWn oxides may be employed. In one 
embodiment, spacers may be employed. 

[0050] In one embodiment, conventional techniques are 
then employed to provide a nitride layer 44 and an oxide layer 
46, as is described, for example, in “NROM: A Novel Local 
iZed Trapping, 2-Bit Nonvolatile Memory Cell”, by BoaZ 
Eitan et al., IEEE Electron Device Letters, Vol. 21, No. 11, 
November 2000, pp. 543-545, IEEE Catalogue No. 0741 
3106/00, or in “A True Single-Transistor Oxide-Nitride-Ox 
ide EEPROM Device” by T. Y. Chan et al., IEEE Electron 
Device Letters, Vol. EDL-8, No. 3, March, 1987, pp. 93-95, 
IEEE Catalogue No. 0741-3106/87/0300-0093. 

[0051] In one embodiment, the thin oxide 42, nitride layer 
44 and oxide layer 46 combine to form the ONO layer 34, 
such as is employed in SONOS devices, While the polysilicon 
38 forms a control gate. In operation, application of suitable 
electrical biases to the doped regions 24, 26 and the control 
gate 38 cause hot majority charge carriers to be injected into 
the nitride layer 44 and become trapped, providing a thresh 
old voltage shift and thus providing multiple, alternative, 
measurable electrical states representing stored data. “Hot” 
charge carriers are not in thermal equilibrium With their envi 
ronment. In other Words, hot charge carriers represent a situ 
ation Where a population of high kinetic energy charge carri 
ers exist. Hot charge carriers may be electrons or holes. 

[0052] SONOS devices are capable of storing more than 
one bit per gate 38. Typically, the hot carriers are injected into 
one side 47 or 47' of the ONO layer 34, adjacent a contact, 
such as the region 24 or the region 26, that provides a high 
electrical ?eld. 

[0053] By reversing the polarity of the potentials applied to 
the regions 24 and 26, charge may be injected into the other 
side 47' or 47 of the ONO layer 34. Thus, four electronically 
discriminable and distinct states can be easily provided With 
a single gate 38. As a result, the structure shoWn in FIG. 2 is 
capable of storing at least four bits per gate 38. 

[0054] FIG. 3 is a simpli?ed side vieW, in section, of the 
substrate portion 20 of FIG. 1 at an alternative stage in pro 
cessing, in accordance With an embodiment of the present 
invention. The embodiment shoWn in FIG. 3 includes the 
oxide regions 32 and 42, but a ?oating gate 48 is formed on the 
thin oxide region 42. A conventional oxide or nitride insulator 




















