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MEMORY UTILIZING OXIDE-CONDUCTOR 
NANOLAMINATES 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application is a divisional of US. 
application Ser. No. 10/191,336, ?led Jul. 8, 2002, Which is 
incorporated herein by reference in its entirety. 

[0002] This application is related to the following co 
pending, commonly assigned US. patent applications: 
“Memory Utilizing Oxide Nanolaminates,” Serial No. 
10/190,717, ?led Jul. 8, 2002; and “Memory Utilizing 
Oxide-Nitride Nanolaminates,” Ser. No. 10/ 190,689, ?led 
Jul. 8, 2002; each of Which disclosure is herein incorporated 
by reference. 

FIELD OF THE INVENTION 

[0003] The present invention relates generally to semicon 
ductor integrated circuits and, more particularly, to memory 
utilizing oxide-conductor nanolaminates. 

BACKGROUND OF THE INVENTION 

[0004] Many electronic products need various amounts of 
memory to store information, eg data. One common type of 
high speed, loW cost memory includes dynamic random 
access memory (DRAM) comprised of individual DRAM 
cells arranged in arrays. DRAM cells include an access 
transistor, eg a metal oxide semiconducting ?eld effect 
transistor (MOSFET), coupled to a capacitor cell. 

[0005] Another type of high speed, loW cost memory 
includes ?oating gate memory cells. A conventional hori 
zontal ?oating gate transistor structure includes a source 
region and a drain region separated by a channel region in 
a horizontal substrate. A ?oating gate is separated by a thin 
tunnel gate oxide. The structure is programmed by storing a 
charge on the ?oating gate. A control gate is separated from 
the ?oating gate by an intergate dielectric. A charge stored 
on the ?oating gate effects the conductivity of the cell When 
a read voltage potential is applied to the control gate. The 
state of cell can thus be determined by sensing a change in 
the device conductivity betWeen the programmed and un 
programmed states. 

[0006] With successive generations of DRAM chips, an 
emphasis continues to be placed on increasing array density 
and maximizing chip real estate While minimizing the cost 
of manufacture. It is further desirable to increase array 
density With little or no modi?cation of the DRAM opti 
mized process ?oW. 

[0007] Multilayer insulators have been previously 
employed in memory devices. The devices in the above 
references employed oxide-tungsten oxide-oxide layers. 
Other previously described structures described have 
employed charge-trapping layers implanted into graded 
layer insulator structures. 

[0008] More recently oxide-nitride-oxide structures have 
been described for high density nonvolatile memories. All of 
these are variations on the original MNOS memory structure 
described by Fairchild Semiconductor in 1969 Which Was 
conceptually generalized to include trapping insulators in 
general for constructing memory arrays. 
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[0009] Studies of charge trapping in MNOS structures 
have also been conducted by White and others. 

[0010] Some commercial and military applications uti 
lized non-volatile MNOS memories. 

[0011] HoWever, these structures did not gain Widespread 
acceptance and use due to their variability in characteristics 
and unpredictable charge trapping phenomena. They all 
depended upon the trapping of charge at interface states 
betWeen the oxide and other insulator layers or poorly 
characterized charge trapping centers in the insulator layers 
themselves. Since the layers Were deposited by CVD, they 
are thick, have poorly controlled thickness and large surface 
state charge-trapping center densities betWeen the layers. 

[0012] Flash memories based on electron trapping are Well 
knoWn and commonly used electronic components. 
Recently NAND ?ash memory cells have become common 
in applications requiring high storage density While NOR 
?ash memory cells are used in applications requiring high 
access and read speeds. NAND ?ash memories have a 
higher density because 16 or more devices are placed in 
series, this increases density at the expense of speed. 

[0013] Thus, there is an ongoing need for improved 
DRAM technology compatible ?oating gate transistor cells. 
It is desirable that such ?oating gate transistor cells be 
fabricated on a DRAM chip With little or no modi?cation of 
the DRAM process ?oW. It is further desirable that such 
?oating gate transistor cells provide increased density and 
high access and read speeds. 
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SUMMARY OF THE INVENTION 

[0050] The above mentioned problems for creating 
DRAM technology compatible ?oating gate transistor cells 
as Well as other problems are addressed by the present 
invention and Will be understood by reading and studying 
the folloWing speci?cation. This disclosure describes a ?ash 
memory device, programmable logic array device or 
memory address and decode correction device With an 
oxide-conductor nanolaminate ?oating gate rather than a 
conventional polysilicon ?oating gate. 

[0051] In particular, an embodiment of the present inven 
tion includes a ?oating gate transistor utiliZing oxide-con 
ductor nanolaminates. The ?oating gate transistor includes a 
?rst source/drain region, a second source/drain region, and 
a channel region therebetWeen. A ?oating gate is separated 
from the channel region by a ?rst gate oxide. The ?oating 
gate includes oxide-conductor nanolaminate layers to trap 
charge in potential Wells formed by different electron a?ini 
ties of the oxide-conductor nanolaminate layers. 

[0052] These and other embodiments, aspects, advan 
tages, and features of the present invention Will be set forth 
in part in the description Which folloWs, and in part Will 
become apparent 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, 
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advantages, and features 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 

[0053] FIG. 1A is a block diagram of a metal oxide 
semiconductor ?eld e?‘ect ?oating gate transistor (MOS 
FET) in a substrate according to the teachings of the prior 
art. 

[0054] FIG. 1B illustrates the MOSFET of FIG. 1A 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. 

[0055] FIG. 1C 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. 

[0056] FIG. 2A is a diagram of an embodiment for a 
programmed ?oating gate transistor, having oxide-conduc 
tor nanolaminate layers, Which can be used as a ?oating gate 
transistor cell according to the teachings of the present 
invention. 

[0057] FIG. 2B is a diagram suitable for explaining a 
method embodiment by Which a ?oating gate transistor, 
having oxide-conductor nanolaminate layers, can be pro 
grammed to achieve the embodiments of the present inven 
tion. 

[0058] FIG. 2C 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). 

[0059] FIG. 3 illustrates a portion of an embodiment of a 
memory array according to the teachings of the present 
invention. 

[0060] FIG. 4 illustrates an embodiment for an electrical 
equivalent circuit for the portion of the memory array shoWn 
in FIG. 3. 

[0061] FIG. 5 illustrates an energy band diagram for an 
embodiment of a gate stack according to the teachings of the 
present invention. 

[0062] FIG. 6 is a graph Which plots electron a?inity 
versus the energy bandgap for various insulators. 

[0063] FIGS. 7A-7B illustrates an embodiment for the 
operation of a ?oating gate transistor cell having oxide 
conductor nanolaminate layers according to the teachings of 
the present invention. 

[0064] FIG. 8 illustrates the operation of a conventional 
DRAM cell. 

[0065] FIG. 9 illustrates an embodiment of a memory 
device according to the teachings of the present invention. 

[0066] FIG. 10 is a schematic diagram illustrating a con 
ventional NOR-NOR programmable logic array. 

[0067] FIG. 11 is a schematic diagram illustrating gener 
ally an architecture of one embodiment of a programmable 
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logic array (PLA) With logic cells, having oxide-conductor 
nanolaminate layers according to the teachings of the 
present invention. 

[0068] FIG. 12 is a block diagram of an electrical system, 
or processor-based system, utiliZing oxide-conductor nano 
laminates constructed in accordance With the present inven 
tion. 

DETAILED DESCRIPTION 

[0069] 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 
illustration, speci?c embodiments in Which the invention 
may be practiced. In the draWings, like numerals describe 
substantially similar components throughout the several 
vieWs. These embodiments are described in 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. 

[0070] The terms Wafer and substrate used in the folloW 
ing 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 semiconductor 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 semiconductor or insulator, as Well as 
other semiconductor structures Well knoWn to one skilled in 
the art. The term conductor is understood to include semi 
conductors, 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. 

[0071] FIG. 1A is useful in illustrating the conventional 
operation of a MOSFET such as can be used in a DRAM 
array. FIG. 1A illustrates the normal hot electron injection 
and degradation of devices operated in the forWard direction. 
As is explained beloW, since the electrons are trapped near 
the drain they are not very effective in changing the device 
characteristics. 

[0072] FIG. 1A is a block diagram of a metal oxide 
semiconductor ?eld e?‘ect ?oating gate transistor (MOS 
FET) 101 in a substrate 100. The MOSFET 101 includes a 
source region 102, a drain region 104, a channel region 106 
in the substrate 100 betWeen the source region 102 and the 
drain region 104. A gate 108 is separated from the channel 
region 108 by a gate oxide 110. A sourceline 112 is coupled 
to the source region 102. Abitline 114 is coupled to the drain 
region 104. A Wordline 116 is coupled to the gate 108. 

[0073] In conventional operation, a drain to source voltage 
potential (Vds) is set up betWeen the drain region 104 and 
the source region 102. A voltage potential is then applied to 
the gate 108 via a Wordline 116. Once the voltage potential 
applied to the gate 108 surpasses the characteristic voltage 
threshold (Vt) of the MOSFET a channel 106 forms in the 
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substrate 100 between the drain region 104 and the source 
region 102. Formation of the channel 106 permits conduc 
tion between the drain region 104 and the source region 102, 
and a current signal (Ids) can be detected at the drain region 
104. 

[0074] In operation of the conventional MOSFET of FIG. 
1A, some degree of device degradation does gradually occur 
for MOSFETs operated in the forward direction by electrons 
117 becoming trapped in the gate oxide 110 near the drain 
region 104. This effect is illustrated in FIG. 1B. However, 
since the electrons 117 are trapped near the drain region 104 
they are not very effective in changing the MOSFET char 
acteristics. 

[0075] FIG. 1C illustrates this point. FIG. 1C is a graph 
showing the square root of the current signal (Ids) taken at 
the drain region versus the voltage potential (V GS) estab 
lished between the gate 108 and the source region 102. The 
change in the slope of the plot of SQRT Ids versus VGS 
represents the change in the charge carrier mobility in the 
channel 106. 

[0076] In FIG. 1C, AVT represents the minimal change in 
the MOSFET’s threshold voltage resulting from electrons 
gradually being trapped in the gate oxide 110 near the drain 
region 104, under normal operation, due to device degrada 
tion. This results in a ?xed trapped charge in the gate oxide 
110 near the drain region 104. Slope 103 represents the 
charge carrier mobility in the channel 106 for FIG. 1A 
having no electrons trapped in the gate oxide 110. Slope 105 
represents the charge mobility in the channel 106 for the 
conventional MOSFET of FIG. 1B having electrons 117 
trapped in the gate oxide 110 near the drain region 104. As 
shown by a comparison of slope 103 and slope 105 in FIG. 
1C, the electrons 117 trapped in the gate oxide 110 near the 
drain region 104 of the conventional MOSFET do not 
signi?cantly change the charge mobility in the channel 106. 

[0077] There are two components to the effects of stress 
and hot electron injection. One component includes a thresh 
old voltage shift due to the trapped electrons and a second 
component includes mobility degradation due to additional 
scattering of carrier electrons caused by this trapped charge 
and additional surface states. When a conventional MOS 
FET degrades, or is “stressed,” over operation in the forward 
direction, electrons do gradually get injected and become 
trapped in the gate oxide near the drain. In this portion of the 
conventional MOSFET there is virtually no channel under 
neath the gate oxide. Thus the trapped charge modulates the 
threshold voltage and charge mobility only slightly. 

[0078] One of the inventors, along with others, has pre 
viously described programmable memory devices and func 
tions based on the reverse stressing of MOSFET’s in a 
conventional CMOS process and technology in order to 
form programmable address decode and correction in Us. 
Pat. No. 6,521,950 entitled “MOSFET Technology for Pro 
grammable Address Decode and Correction.” That disclo 
sure, however, did not describe write once read only 
memory solutions, but rather address decode and correction 
issues. One of the inventors also describes write once read 
only memory cells employing charge trapping in gate insu 
lators for conventional MOSFETs and write once read only 
memory employing ?oating gates. The same are described in 
co-pending, commonly assigned U.S. patent applications, 
entitled “Write Once Read Only Memory Employing Charge 
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Trapping in Insulators,” Ser. No. 10/177077; and “Write 
Once Read Only Memory Employing Floating Gates,” Ser. 
No. 10/177083. The present application, however, describes 
?oating gate transistor cells having oxide-conductor nano 
laminate layers and their use in integrated circuit device 
structures. 

[0079] According to the teachings of the present inven 
tion, normal ?ash memory cells can be programmed by 
operation in the reverse direction and utiliZing avalanche hot 
electron injection to trap electrons on the ?oating gate of the 
?oating gate transistor. When the programmed ?oating gate 
transistor is subsequently operated in the forward direction 
the electrons trapped on the ?oating gate cause the channel 
to have a different threshold voltage. The novel programmed 
?oating gate transistors of the present invention conduct 
signi?cantly less current than conventional ?ash cells which 
have not been programmed. These electrons will remain 
trapped on the ?oating gate unless negative control gate 
voltages are applied. The electrons will not be removed from 
the ?oating gate when positive or Zero control gate voltages 
are applied. Erasure can be accomplished by applying nega 
tive control gate voltages and/ or increasing the temperature 
with negative control gate bias applied to cause the trapped 
electrons on the ?oating gate to be re-emitted back into the 
silicon channel of the MOSFET. 

[0080] FIG. 2A is a diagram of an embodiment for a 
programmed ?oating gate transistor cell 201 having oxide 
conductor nanolaminate layers according to the teachings of 
the present invention. As shown in FIG. 2A the ?oating gate 
transistor cell 201 includes a ?oating gate transistor in a 
substrate 200 which has a ?rst source/drain region 202, a 
second source/drain region 204, and a channel region 206 
between the ?rst and second source/drain regions, 202 and 
204. In one embodiment, the ?rst source/drain region 202 
includes a source region 202 for the ?oating gate transistor 
cell 201 and the second source/drain region 204 includes a 
drain region 204 for the ?oating gate transistor cell 201. FIG. 
2A further illustrates the ?oating gate transistor cell 201 
having oxide-conductor nanolaminate layers 208 serving as 
a ?oating gate 208 and separated from the channel region 
206 by a ?rst gate oxide 210. An sourceline or array plate 
212 is coupled to the ?rst source/drain region 202 and a 
transmission line 214 is coupled to the second source/drain 
region 204. In one embodiment, the transmission line 214 
includes a bit line 214. Further as shown in FIG. 2A, a 
control gate 216 is separated from the oxide-conductor 
nanolaminate layers 208, or ?oating gate 208, by a second 
gate oxide 218. 

[0081] As stated above, ?oating gate transistor cell 201 
illustrates an embodiment of a programmed ?oating gate 
transistor. This programmed ?oating gate transistor has a 
charge 217 trapped in potential wells in the oxide-conductor 
nanolaminate layers 208, or ?oating gate 208, formed by the 
different electron a?inities between materials in the struc 
tures 208, 210 and 218. In one embodiment, the charge 217 
trapped on the ?oating gate 208 includes a trapped electron 
charge 217. 

[0082] FIG. 2B is a diagram suitable for explaining the 
method by which the oxide-conductor nanolaminate layers 
208, or ?oating gate 208, of the ?oating gate transistor cell 
201 of the present invention can be programmed to achieve 
the embodiments of the present invention. As shown in FIG. 
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2B the method includes programming the ?oating gate 
transistor. Programming the ?oating gate transistor includes 
applying a ?rst voltage potential V1 to a drain region 204 of 
the ?oating gate transistor and a second voltage potential V2 
to the source region 202. 

[0083] In one embodiment, applying a ?rst voltage poten 
tial V1 to the drain region 204 of the ?oating gate transistor 
includes grounding the drain region 204 of the ?oating gate 
transistor as shoWn in FIG. 2B. In this embodiment, apply 
ing a second voltage potential V2 to the source region 202 
includes biasing the array plate 212 to a voltage higher than 
VDD, as shoWn in FIG. 2B. A gate potential VGS is applied 
to the control gate 216 of the ?oating gate transistor. In one 
embodiment, the gate potential VGS includes a voltage 
potential Which is less than the second voltage potential V2, 
but Which is su?icient to establish conduction in the channel 
206 of the ?oating gate transistor betWeen the drain region 
204 and the source region 202. As shoWn in FIG. 2B, 
applying the ?rst, second and gate potentials (V1, V2, and 
VGS respectively) to the ?oating gate transistor creates a hot 
electron injection into the oxide-conductor nanolaminate 
layers 208, or ?oating gate 208, of the ?oating gate transis 
tor. In other Words, applying the ?rst, second and gate 
potentials (V 1, V2, and VGS respectively) provides enough 
energy to the charge carriers, e.g. electrons, being conducted 
across the channel 206 that, once the charge carriers are near 
the source region 202, a number of the charge carriers get 
excited into the oxide-conductor nanolaminate layers 208. 
Here the charge carriers become trapped in potential Wells in 
the oxide-conductor nanolaminate layers 208 formed by the 
di?‘erent electron a?inities betWeen materials in the struc 
tures 208, 210 and 218. 

[0084] In an alternative embodiment, applying a ?rst 
voltage potential V1 to the drain region 204 of the ?oating 
gate transistor includes biasing the drain region 204 of the 
?oating gate transistor to a voltage higher than VDD. In this 
embodiment, applying a second voltage potential V2 to the 
source region 202 includes grounding the sourceline or array 
plate 212. A gate potential VGS is applied to the control gate 
216 of the ?oating gate transistor. In one embodiment, the 
gate potential VGS includes a voltage potential Which is less 
than the ?rst voltage potential V1, but Which is su?icient to 
establish conduction in the channel 206 of the ?oating gate 
transistor betWeen the drain region 204 and the source 
region 202. Applying the ?rst, second and gate potentials 
(V1, V2, and VGS respectively) to the ?oating gate transis 
tor creates a hot electron injection into the oxide-conductor 
nanolaminate layers 208 of the ?oating gate transistor. In 
other Words, applying the ?rst, second and gate potentials 
(V1, V2, and VGS respectively) provides enough energy to 
the charge carriers, e.g. electrons, being conducted across 
the channel 206 that, once the charge carriers are near the 
drain region 204, a number of the charge carriers get excited 
into the oxide-conductor nanolaminate layers 208, or ?oat 
ing gate 208. Here the charge carriers become trapped in 
potential Wells in the oxide-conductor nanolaminate layers 
208 formed by the di?‘erent electron a?inities betWeen 
materials in the structures 208, 210 and 218, as shoWn in 
FIG. 2A. 

[0085] In one embodiment of the present invention, the 
method is continued by subsequently operating the ?oating 
gate transistor in the forWard direction in its programmed 
state during a read operation. Accordingly, the read opera 
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tion includes grounding the source region 202 and precharg 
ing the drain region a fractional voltage of VDD. If the 
device is addressed by a Wordline coupled to the gate, then 
its conductivity Will be determined by the presence or 
absence of stored charge in the oxide-conductor nanolami 
nate layers 208, or ?oating gate 208. That is, a gate potential 
can be applied to the gate 216 by a Wordline 220 in an e?‘ort 
to form a conduction channel betWeen the source and the 
drain regions as done With addressing and reading conven 
tional DRAM cells. 

[0086] HoWever, noW in its programmed state, the con 
duction channel 206 of the ?oating gate transistor Will have 
a higher voltage threshold and Will not conduct. 

[0087] FIG. 2C is a graph plotting a current signal (IDS) 
detected at the second source/drain region 204 versus a 
voltage potential, or drain voltage, (VDS) set up betWeen the 
second source/drain region 204 and the ?rst source/drain 
region 202 (IDS vs. VDS). In one embodiment, VDS rep 
resents the voltage potential setup betWeen the drain region 
204 and the source region 202. In FIG. 2C, the curve plotted 
as 205 represents the conduction behavior of a conventional 
?oating gate transistor Where the transistor is not pro 
grammed (is normal or not stressed) according to the teach 
ings of the present invention. The curve 207 represents the 
conduction behavior of the programmed ?oating gate tran 
sistor (stressed), described above in connection With FIG. 
2A, according to the teachings of the present invention. As 
shoWn in FIG. 2C, for a particular drain voltage, VDS, the 
current signal (IDS2) detected at the second source/drain 
region 204 for the programmed ?oating gate transistor 
(curve 207) is signi?cantly loWer than the current signal 
(IDS1) detected at the second source/drain region 204 for 
the conventional ?oating gate transistor cell (curve 205) 
Which is not programmed according to the teachings of the 
present invention. Again, this is attributed to the fact that the 
channel 206 in the programmed ?oating gate transistor of 
the present invention has a di?‘erent voltage threshold. 

[0088] Some of these e?‘ects have recently been described 
for use in a di?‘erent device structure, called an NROM, for 
?ash memories. This latter Work in Israel and Germany is 
based on employing charge trapping in a silicon nitride layer 
in a non-conventional ?ash memory device structure. 
Charge trapping in silicon nitride gate insulators Was the 
basic mechanism used in MNOS memory devices, charge 
trapping in aluminum oxide gates Was the mechanism used 
in MIOS memory devices, and one of the present inventors, 
along With another, has previously disclosed charge trapping 
at isolated point defects in gate insulators. HoWever, none of 
the above described references addressed forming transistor 
cells utiliZing charge trapping in potential Wells in oxide 
insulator nanolaminate layers formed by the di?‘erent elec 
tron a?inities of the insulators. 

[0089] FIG. 3 illustrates an embodiment for a portion of a 
memory array 300 according to the teachings of the present 
invention. The memory in FIG. 3, is shoWn illustrating a 
number of vertical pillars, or ?oating gate transistor cells, 
301-1, 301-2, . . . , 301-N, formed according to the teachings 
of the present invention. As one of ordinary skill in the art 
Will appreciate upon reading this disclosure, the number of 
vertical pillar are formed in roWs and columns extending 
outWardly from a substrate 303. As shoWn in FIG. 3, the 
number of vertical pillars, 301-1, 301-2, . . . , 301-N, are 
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separated by a number of trenches 340. According to the 
teachings of the present invention, the number of vertical 
pillars, 301-1, 301-2, . . . , 301-N, serve as ?oating gate 
transistors including a ?rst source/drain region, e.g. 302-1 
and 302-2 respectively. The ?rst source/drain region, 302-1 
and 302-2, is coupled to a sourceline 304. As shoWn in FIG. 
3, the sourceline 304 is formed in a bottom of the trenches 
340 betWeen roWs of the vertical pillars, 301-1, 301-2, . . . 

, 301-N. According to the teachings of the present invention, 
the sourceline 304 is formed from a doped region implanted 
in the bottom of the trenches 340. A second source/drain 
region, e.g. 306-1 and 306-2 respectively, is coupled to a 
bitline (not shoWn). A channel region 305 is located betWeen 
the ?rst and the second source/drain regions. 

[0090] As shoWn in FIG. 3, oxide-conductor nanolaminate 
layers or ?oating gate, shoWn generally as 309, are separated 
from the channel region 305 by a ?rst oxide layer 307 in the 
trenches 340 along roWs of the vertical pillars, 301-1, 301-2, 
. . . , 301-N. In the embodiment shoWn in FIG. 3, a Wordline 

313 is formed across the number of pillars and in the 
trenches 340 betWeen the oxide-conductor nanolaminate 
layers 309. The Wordline 313 is separated from the pillars 
and the oxide-conductor nanolaminate layers 309, or ?oat 
ing gate 309, by a second oxide layer 317. Here the Wordline 
313 serves as a control gate 313 for each pillar. 

[0091] FIG. 4 illustrates an electrical equivalent circuit 
400 for the portion of the memory array shoWn in FIG. 3. As 
shoWn in FIG. 4, a number of vertical ?oating gate transistor 
cells, 401-1, 401-2, . . . , 401-N, are provided. Each vertical 

?oating gate transistor cell, 401-1, 401-2, . . . , 401-N, 
includes a ?rst source/drain region, e.g. 402-1 and 402-2, a 
second source/drain region, e.g. 406-1 and 406-2, a channel 
region 405 betWeen the ?rst and the second source/drain 
regions, and oxide-conductor nanolaminate layers serving as 
a ?oating gate, shoWn generally as 409, separated from the 
channel region by a ?rst oxide layer. 

[0092] FIG. 4 further illustrates a number of bit lines, e.g. 
411-1 and 411-2. According to the teachings of the present 
invention as shoWn in the embodiment of FIG. 4, a single bit 
line, e.g. 411-1 is coupled to the second source/drain 
regions, eg 406-1 and 406-2, for a pair of ?oating gate 
transistor cells 401-1 and 401-2 since, as shoWn in FIG. 3, 
each pillar contains tWo ?oating gate transistor cells. As 
shoWn in FIG. 4, the number of bit lines, 411-1 and 411-2, 
are coupled to the second source/drain regions, eg 406-1 
and 406-2, along roWs of the memory array. A number of 
Word lines, such as Wordline 413 in FIG. 4, are coupled to 
a control gate 412 of each ?oating gate transistor cell along 
columns of the memory array. According to the teachings of 
the present invention, a number of sourcelines, 415-1, 415-2, 
. . . , 415-N, are formed in a bottom of the trenches betWeen 

roWs of the vertical pillars, described in connection With 
FIG. 3, such that ?rst source/drain regions, eg 402-2 and 
402-3, in column adjacent ?oating gate transistor cells, e.g. 
401-2 and 401-3, separated by a trench, share a common 
sourceline, e.g. 415-1. And additionally, the number of 
sourcelines, 415-1, 415-2, . . . , 415-N, are shared by column 

adjacent ?oating gate transistor cells, e.g. 401-2 and 401-3, 
separated by a trench, along roWs of the memory array 400. 
In this manner, by Way of example and not by Way of 
limitation referring to column adjacent ?oating gate transis 
tor cells, e.g. 401-2 and 401-3, separated by a trench, When 
one column adjacent ?oating gate transistor cell, e.g. 401-2, 
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is being read its complement column adjacent ?oating gate 
transistor cell, e.g. 401-3, can operate as a reference cell. 

[0093] FIG. 5 illustrates an energy band diagram for an 
embodiment of a gate stack according to the teachings of the 
present invention. As shoWn in FIG. 5, the embodiment 
consists of insulator stacks, 501-1, oxide-conductor nano 
laminate 501-2 and insulator stacks 501-3, e.g. SiO2/oxide 
conductor nanolaminate layers/SiO2. The structure shoWn in 
FIG. 5 illustrates the present invention’s use in various 
embodiments of metallic conductors, doped oxide conduc 
tors, and metals as a nanolaminate betWeen tWo layers of 
silicon oxide. 

[0094] Tantalum nitride, titanium nitride, and tungsten 
nitride are mid-gap Work function metallic conductors 
described for use in CMOS devices. Tantalum nitride, tita 
nium nitride, and tungsten nitride are employed in the 
present invention as oxide-conductor nanolaminate layers, 
formed by atomic layer deposition (ALD). These metallic 
conductors have large electron a?inities around 4.7 eV 
Which is larger than the 4.1 ev electron a?inity of silicon 
oxide. 

[0095] In some embodiments according to the teachings of 
the present invention, atomic layer deposition, ALD, of a 
number of other conductors is used to form the nanolaminate 
structures. As described in more detail beloW, the oxide 
conductor nanolaminate layers used in the present invention 
include: 

[0096] (i) Metallic Conductors, TaN, TiN, WN, NbN, 
MoN 

[0097] (ii) Doped Oxide Conductors, ZnOS 

[0098] (iii) Metals, including tungsten, W, and Nickel, Ni 

[0099] As mentioned above, Titanium nitride, tantalum 
nitride and tungsten nitride are mid-gap Work function 
metallic conductors, With no or Zero band gaps and large 
electron a?inities as shoWn in FIG. 6, commonly described 
for use in CMOS devices. 

Method of Formation 

[0100] This disclosure describes the use of oxide-conduc 
tor nanolaminate layers as ?oating gates to trap charge in 
potential Wells formed by the different electron a?inities of 
the insulator layers. These layers formed by ALD are of 
atomic dimensions, or nanolaminates, With precisely con 
trolled interfaces and layer thickness. Operation of the 
device speci?cally depends on and utiliZes the electron 
a?inity of the oxide-conductor nanolaminate layers being 
higher than that of silicon oxide. This creates a potential 
energy Well in the multi-layer nanolaminate gate insulator 
structure. 

Atomic Layer Deposition of Metallic Conductors 

[0101] TaN: Plasma-enhanced atomic layer deposition 
(PEALD) of tantalum nitride (TaiN) thin ?lms at a depo 
sition temperature of 260° C. using hydrogen radicals as a 
reducing agent for Tertbutylimidotris(diethylami 
do)tantalum has been described. The PEALD yielded supe 
rior TaiN ?lms With an electric resistivity of 400 Qcm and 
no aging effect under exposure to air. The ?lm density is 
higher than that of TaiN ?lms formed by typical ALD, in 
Which NH3 is used instead of hydrogen radicals. In addition, 
the as-deposited ?lms are not amorphous, but rather poly 
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crystalline structure of cubit TaN. The density and crystal 
linity of the ?lms increased With the pulse time of hydrogen 
plasma. The ?lms are Ta-rich in composition and contain 
around 15 atomic % of carbon impurity. In the PEALD of 
TaiN ?lms, hydrogen radicals are used a reducing agent 
instead of NH3, Which is used as a reactant gas in typical 
TaiN ALD. Films are deposited on SiO2 (100 nm)/Si 
Wafers at a deposition temperature of 260° C. and a depo 
sition pressure of 133 Pa in a cold-Walled reactor using 
(Netz)3 Ta=Nbut [tertbutylimidotris(diethylami 
do)tantalum, TBTDET] as a precursor of Ta. The liquid 
precursor is contained in a bubbler heated at 70° C. and 
carried by 35 sccm argon. One deposition cycle consist of an 
exposure to a metallorganic precursor of TBTDET, a purge 
period With Ar, and an exposure to hydrogen plasma, fol 
loWed by another purge period With Ar. The Ar purge period 
of 15 seconds instead betWeen each reactant gas pulse 
isolates the reactant gases from each other. To ignite and 
maintain the hydrogen plasma synchronized With the depo 
sition cycle, a rectangular shaped electrical poWer is applied 
betWeen the upper and loWer electrode. The shoWerhead for 
uniform distribution of the reactant gases in the reactor, 
capacitively coupled With an rf (13.56 MHZ) plasma source 
operated at a poWer of 100 W, is used, as the upper electrode. 
The loWer electrode, on Which a Wafer resides, is grounded. 
Film thickness and morphology are analyZed by ?eld emis 
sion scanning electron microscopy. 

[0102] TiN: Atomic layer deposition (ALD) of amorphous 
TiN ?lms on SiO2 betWeen 170° C. and 210° C. has been 
achieved by the alternate supply of reactant sources, 
Ti[N(C2H5CH3)2]4 [tetrakis(ethylmethylamino)tita 
niumzTEMAT] and NH3. These reactant sources are injected 
into the reactor in the folloWing order: TEMAT vapor pulse, 
Ar gas pulse, NH3 gas pulse and Ar gas pulse. Film 
thickness per cycle saturated at around 1.6 monolayers per 
cycle With suf?cient pulse times of reactant sources at 200° 
C. The results suggest that ?lm thickness per cycle could 
exceed 1 ML/cycle in ALD, and are explained by the 
rechemisorption mechanism of the reactant sources. An 
ideal linear relationship betWeen number of cycles and ?lm 
thickness has been con?rmed. 

[0103] TiN and TaN: Deposition of thin and conformal 
copper ?lms of has been examined using atomic layer 
deposition, ALD, of TiN and TaN as possible seed layer for 
subsequent electro-deposition. The copper ?lms are depos 
ited on glass as Well as Ta, TIN, and TaN ?lms on Si Wafers. 
Typical resistivities of these ?lms range from 4.25 uQcm for 
20 nm thick copper ?lms to 1.78 uQcm for 120 nm thick 
?lms. The adhesion of the copper ?lms deposited on TiN and 
TaN at 300° C. is excellent. These ?lms are highly confor 
mal over high aspect ratio trenches. 

[0104] TiN, TaNX, NbN, and MoNX: Atomic layer depo 
sition of Tin, TaNX, NbN, and MoNX thin ?lms from the 
corresponding metal chlorides and 1,1-dimethyl-hydraZine 
(DMHy) have been studied. Generally, the same ?lms 
deposited at 400° C. exhibit better characteristics compared 
to the ?lms deposited at the same temperature using NH3 as 
the nitrogen source. In addition, ?lms can be deposited at 
loWer temperatures doWn to 200° C. Even though the carbon 
content in the ?lms is quite high, in the range of 10 atom %, 
the results encourage further studies. The effect of carbon on 
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the barrier properties and the use of other possibly less 
carbon-contaminating hydraZine derivatives can be consid 
ered. 

[0105] WN: Tungsten nitride ?lms have been deposited 
With atomic layer control using sequential surface reactions. 
The tungsten nitride ?lm groWth is accomplished by sepa 
rating the binary reaction 2WF6+NH3QW2N+3HF+9/2F2 
into tWo half-reactions. Successive application of the WF6 
and NH3 half-reactions in an ABAB . . . , sequence produce 

tungsten nitride deposition at substrate temperatures 
betWeen 600 and 800 K. Transmission Fourier transform 
infrared (FTIR) spectroscopy has been used to monitor the 
coverage of WFX* and NHy* surface species on high surface 
area particles during the WF6 and NH3 half-reactions. The 
FTIR spectroscope results demonstrate the WF6 and NH3 
half-reactions are complete and self-limiting at tempera 
tures>600 K. In situ spectroscopic ellipsometry has been 
used to monitor the ?lm groWth on Si(100) substrate vs. 
temperature and reactant exposure. A tungsten nitride depo 
sition rate of 2.55 A/AB cycle is measured at 600-800 K for 
WF6 and NH3 reactant exposure>3000 L and 10,000 L, 
respectively. X-ray photoelectron spectroscopy depth-pro 
?ling experiments have been used to determine that the ?lms 
had a W2N stoichiometry With loW C and O impurity 
concentrations. X-ray diffraction investigations reveal that 
the tungsten nitride ?lms are microcrystalline. Atomic force 
microscopy measurements of the deposited ?lms illustrate 
remarkably ?at surface indicating smooth ?lm groWth. 
These smooth tungsten nitride ?lms deposited With atomic 
layer have been be used as diffusion control for Cu on 
contact and via holes. 

Atomic Layer Deposition of Doped Oxide Conductors 

ZnO: 

[0106] ZnO can be deposited by ALD. The aim of previ 
ous experiments is to improve the performance of Cd-free 
ZnO/Cu(lnGa)Se2 solar cells using a high-resistivity ZnO 
buffer layer. Buffer layers are deposited by atomic layer 
deposition (ALD) using diethylZinc (DEZn) and H20 as 
reactant gases. The structural and electrical properties of the 
ZnO ?lms on glass substrates have been characterized. A 
high resistivity of more than 103 Qcm and a transmittance of 
above 80% in the visible range Were obtained. Suticai 
Chaitsak et al. focused on determining the optimum depo 
sition parameters for the ALD-ZnO buffer layer. Results 
indicate that the thickness and resistivity of the ALD-ZnO 
buffer layer, as Well as the heat treatment prior to the 
deposition of the buffer layer, affect the device characteris 
tics. The best ef?ciency obtained With an ALD-ZnO buffer 
layer of solar cells Without an antire?ective coating is 
12.1%. The reversible light soaking effect is observed in 
these devices. ZoO itself hoWever is highly resistive, doping 
ZnO as described beloW is required to make it conductive 
and useful here. 

[0107] ZnOS: The chemical vapor atomic layer deposition 
technique is used to deposit thin ?lms of ZnOl_xSx on glass 
and silicon substrates. Film composition is varied from x=0 
to x=0.95, and measurements of bandgap and resistivity 
yielded surprising minima at x~0.6. Results of Rutherford 
backscattering, X-ray, and luminescence measurements are 
also presented. Both one- and tWo phase ?lms are visible in 
scanning electron microcopy, and an amorphous phases is 
also apparent. A continuously variable mixed ?lm is not 
















