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(57) ABSTRACT 

Exemplary embodiments are directed to providing a ?ash 
EEPROM technology Which is compatible With deep sub 
micron dimensions, and Which is suitable for straightfor 
Ward integration With high performance logic technologies. 
Unlike knoWn technologies, exemplary embodiments pro 
vide a reduced cell area siZe in a split gate cell structure. An 
exemplary process for implementing a ?ash EEPROM in 
accordance With the present invention involves growing a 
tunneling oxide in a manner Which reduces tunneling barrier 
height, and requires minimum perturabition to conventional 
high performance logic technologies, Without compromising 
logic function performance. 
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METHOD AND APPARATUS FOR PROVIDING AN 
EMBEDDED FLASH-EEPROM TECHNOLOGY 

RELATED APPLICATIONS 

[0001] The present application relates to a co-pending 
application ?led concurrently hereWith, entitled: METHOD 
AND APPARATUS FOR PRODUCING A SINGLE POLY 
SILICON FLASH EEPROM (Attorney Docket No. 029300 
437), the disclosure of Which is hereby incorporated by 
reference in its entirety. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention is generally directed to semi 
conductor memories, and more particularly, to the develop 
ment of memory cells Which can be easily integrated With 
high performance logic technologies. 

[0004] 2. State of the Art 

[0005] Those skilled in the art appreciate the desirability 
of embedding memory technology such as dynamic random 
access memories (DRAMs), static random access memories 
(SRAMs), read-only memories (ROMs), electrically eras 
able programmable read-only memories (EEPROMs), and 
?ash EEPROMs into high performance logic technologies. 
HoWever, at present, only technologies such as SRAM and 
ROM are straightforWard to integrate into high performance 
logic technologies. Technologies, such as EEPROM and 
DRAM technologies are highly dedicated to their speci?c 
needs, and are very complex, rendering them unsuitable for 
straightforWard, easy integration into high performance 
logic technologies. 
[0006] For example, EEPROM technology is typically 
implemented using one of four basic cell types: (1) the one 
transistor stacked-gate ?ash EEPROM cell; (2) the one and 
one half transistor split-gate ?ash EEPROM cell; (3) the 
double-gate tWo transistor EEPROM cell; and (4) cells 
Which use edges for control or select gates. There have also 
been proposals regarding ?ash memory cells Which form 
self-aligned trenches at the edge of a partially formed 
stack-gate structure. HoWever, each of these technologies 
suffers draWbacks Which inhibits their straightforWard, easy 
integration into high performance logic technologies. 

[0007] FIG. 1A shoWs a typical one transistor stacked 
gate ?ash EEPROM cell. Stacked-gate ?ash EEPROM cells 
are available from Intel Corp. and Advanced Micro Devices 
Corp. (e.g., the Intel E28F016SA 16 Mbit ?ash memory and 
the AMD AM29F016 16 Mbit ?ash memory), having basic 
cell siZes of approximately 6 and 7 times the minimum 
feature siZe squared (i.e., f2), respectively. HoWever, 
these cells possess a very complex source-drain region 
Which requires as many as four ion implants. These submi 
cron cells are subject to punch through, premature break 
doWn at the drain, and various read disturb problems. In 
addition, the cells are susceptible to over erase, Which can 
lead to a permanently turned-on device. These cells are also 
dif?cult to doWnWard scale, because high voltages are 
required for the erase and program functions. Erasure is 
performed by taking an extended source diffused region to 
a high positive value to pull electrons from the ?oating gate 
by FoWler-Nordheim (FN) tunneling to make the ?oating 
gate more positive. The erase function is performed by 

Oct. 11, 2001 

loWering the ?oating gate threshold voltage VT, While 
programming is accomplished by applying high voltage to 
the drain and to the control gate formed With a second 
polysilicon layer (i.e., poly 2) to inject hot electrons from a 
channel near the drain onto the ?oating gate to raise the 
threshold voltage. That is, programming is achieved using 
hot electron injection by applying high voltage to the control 
gate. The high voltage (e.g., approximately 12 volts) 
requires inclusion of separate high voltage transistors. 

[0008] The exemplary FIG. 1 cell involves using tWo 
levels of polysilicon. Typical products use a NOR con?gu 
ration, Where each cell is con?gured With a bit line (BL) 
connection to the drain, a poly 2 control line (CL) or Word 
line (WL), and a diffused source line (SL). The high voltages 
required for this device require building separate high volt 
age transistors Which may have longer distances betWeen the 
source of drain diffusion (i.e., longer Leg) and thicker gate 
oxides, thereby adding to the overall siZe of a memory 
device implemented With these cells. 

[0009] A one and one-half transistor split-gate ?ash 
EEPROM, as shoWn in FIG. 1B, avoids the over erase 
problem described With respect to the stacked-gate ?ash 
EEPROM cell, but is a larger cell siZe than the stacked gate. 
For a split-gate cell using modern shalloW trench isolation 
(STI), an n+ source line self-aligned to the poly, self-aligned 
tungsten plug contacts, and conservative poly 1 to poly 2 
aligment tolerances, a typical cell area can be on the order 
of approximately 10 f2. LoWer n+ source regions may be 
created in the substrate by etching the oxide in an STI region 
doWn to the substrate. The poly 2 layer and a resist mask are 
used to protect other shalloW trench isolation (STI) regions 
during etching. 

[0010] A double-gate tWo transistor EEPROM cell is 
shoWn in FIG. 1C, and includes a separate select transistor 
to permit erasure of individual cells. Such a cell is, for 
example, available from Atmel in its AT17C128 128 k serial 
EEPROM, Which has a cell area of approximately 17 f2 for 
1.0 micron rules. The cell is relatively large and is not used 
in ?ash EEPROMs. 

[0011] FIG. 1D illustrates an exemplary cell Which uses 
polysilicon edges for control of select gates. For example, 
exemplary versions of this cell use closely spaced polysili 
con edges for voltage coupling. Although the cells are 
smaller than the cells discussed previously, they are very 
complex as re?ected, for example, in the Sandisk 35 bit 
triple-polysilicon ?ash EEPROM, Which is approximately 5 
f2 in cell area using 0.6 micron rules. Because of their 
complexity, they are unsuited to integration in high perfor 
mance logic technology. 

[0012] FIG. 1E shoWs an exemplary ?ash memory cell 
described in a document entitled “A 0.24 pm 2 Well Process 
With 0.18 pm Width Isolation and 3-D Interpoly Dielectric 
Films for 1-Gb Flash Memories”, by Takashi Kobayashi et 
al, 1997 IEDM, page 275. Again, the process of producing 
such a cell is complex, and impractical for integration into 
high performance logic technology. 

[0013] Because numerous applications exist for integrat 
ing ?ash EEPROM technology With high performance 
complementary metal oxide semiconductor (CMOS) logic 
devices (e.g., microprocessors), the development of such a 
technology Would be highly desirable. For example, the 
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applications for such an integrated technology include soft 
Ware updates, storing identi?cation codes, system recon?gu 
ration in the ?eld, look-up tables, manufacturing codes, 
nonvolatile data storage, smart cards Which use ?ash embed 
ded memory, prototyping, and various programmable logic 
devices and ?eld programmable gate arrays. 

[0014] KnoWn process technologies do not lend them 
selves to easy integration of commodity ?ash EEPROM 
cells With logic devices, such as high performance CMOS 
devices. That is, knoWn processes, including processes as 
described in a document entitled “EEPROM/Flash Sub 3.0 
V Drain-Source Bias Hot Carrier Rating”, by J. D. Bude et 
al., 1995 IEDM, page 989 and in a document entitled 
“Secondary Electron Flash-A High Performance LoW PoWer 
Flash Technology for 0.25 pm and BeloW, by J. D. Bude et 
al., 1997, IEDM page 279, do not suf?ciently simplify the 
?ash EEPROM cell and fabrication process to permit 
straightforWard integration into conventional high perfor 
mance logic processes. In these documents, structural prop 
erties of submicron stacked gate EEPROM devices are 
disclosed Which yield devices that can be programmed at 
loW voltages. The properties are: (1) thin tunneling oxides 

(e.g., in a range of approximately 60 angstroms (A)-100 (2) heavily-doped shalloW n+ junctions With boron halo 

implants, giving abrupt junctions; and (3) a negative sub 
strate bias. 

[0015] In addition to process compatibility problems, scal 
ing EEPROM technology into the 0.25 pm regime and 
beloW, as is used on typical high performance logic pro 
cesses, has not been realiZed. Those skilled in the art have 
suggested that scaling EEPROM devices is subject to physi 
cal limits Which may inhibit a reduction in cell siZe (see, for 
example, “Nonvolatile Semiconductor Memory Technol 
ogy”, by William D. BroWn and Joe E. BreWer, IEEE, Press 
1998, page 130). Given the Wide applicability of ?ash 
EEPROM technology, it Would be desirable to avoid the 
process compatibility problems associated With integrating 
typical cell designs With conventional logic devices by 
developing a cell Which can be easily integrated into high 
performance logic processes. 

SUMMARY OF THE INVENTION 

[0016] Accordingly, exemplary embodiments are directed 
to providing a ?ash EEPROM technology Which is compat 
ible With deep submicron dimensions, and Which is suitable 
for straightforWard integration With high performance logic 
technologies. Unlike knoWn technologies, exemplary 
embodiments provide a reduced cell area siZe in a split-gate 
cell structure. An exemplary process for implementing a 
?ash EEPROM in accordance With the present invention 
involves groWing a tunneling oxide in a manner Which 
reduces tunneling barrier height, and requires minimum 
perturabition to conventional high performance logic tech 
nologies, Without compromising logic function perfor 
mance. 

[0017] Generally speaking, exemplary embodiments are 
directed to a split-gate ?ash memory cell comprising: a 
tunnel oxide formed by oxidation of a textured monocrys 
talline substrate; a ?rst ?oating gate electrode formed over 
said tunneling oxide; a gate oxide, separate from the tun 
neling oxide, formed on a non-textured portion of said 
monocrystalline substrate; and a second control electrode 
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formed over said ?rst ?oating gate electrode and said gate 
oxide. An exemplary ?ash-EEPROM cell implemented in 
accordance With exemplary embodiments of the present 
invention is straightforWard to integrate into high perfor 
mance logic processes. In addition, the cell is free from the 
over erase problem of one transistor stacked-gate ?ash 
EEPROM cells, and can more easily be doWnWard scaled. In 
addition, the cell can be programmed and erased at loWer 
voltages, thereby eliminating process complexity associated 
With accommodating high on-chip voltages. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] The foregoing and other objects and features of the 
present invention Will become more apparent from the 
folloWing detailed description of preferred embodiments 
When read in connection With the accompanying draWings, 
Wherein: 

[0019] FIGS. 1A-1E illustrate exemplary conventional 
EEPROM cells; 

[0020] FIGS. 2A-2I illustrate an exemplary process How 
for implementing a ?ash EEPROM cell in accordance With 
the present invention; 

[0021] FIGS. 3A-3C illustrate exemplary erase, program 
and read functions of a ?ash EEPROM cell in accordance 
With the present invention; and 

[0022] FIG. 4 illustrates an exemplary cell layout in 
accordance With the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0023] FIGS. 2A-2I, illustrate an exemplary process How 
for producing a self-aligned, textured-substrate tunneling 
oxide under a ?oating gate, and a standard oxide-nitride 
oxide (ONO) dielectric over the ?oating gate for a high 
coupling ratio in accordance With exemplary embodiments 
of the present invention. In FIG. 2A, a ?rst polysilicon layer 
202 is deposited on a single crystal (i.e., monocrystalline) 
silicon substrate 200. In an exemplary embodiment, the ?rst 
polysilicon layer (i.e., poly 1 layer) is approximately 120 A 
in thickness, or any thickness on the order of 120 

[0024] In FIG. 2B, the ?rst polysilicon layer is oxidiZed 
into the substrate to form an oxidation layer 204 of, for 
example, approximately 300 A, or any thickness suitable for 
forming an acceptable textured surface as shoWn in FIG. 
2C. FIG. 2C illustrates a stripping of the oxidation layer 
204, resulting in the formation of a textured (i.e., rough) 
surface 206 on the single crystal silicon substrate 200. In 
FIG. 2D, a tunnel oxide layer 208 is groWn on the textured 
surface 206. In exemplary embodiments, the tunnel oxide 
layer is groWn With a depth of, for example, approximately 
60 to 100 A, and Will ultimately have the ?oating gate 
formed over it. 

[0025] FIG. 2E illustrates the depositing and formation of 
an oxide-nitride-oxide (ONO) dielectric layer 210 after ?rst 
depositing a neW ?rst polysilicon layer 212 (poly 1 layer). 
The ONO layer 210 is deposited in knoWn fashion, and can, 

for example, have a thickness of approximately 100-150 The ONO layer 210 Will constitute an interpoly dielectric 

formed betWeen the poly 1 layer 212 and a later formed poly 
2 layer. 
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[0026] In FIG. 2F, 21 photoresist layer is deposited on the 
interpoly ONO 210 and is used to form a photoresist mask 
214. The photoresist mask 214 is used to perform a photo 
resist etch into the substrate (e.g., to a depth on the order of 
approximately 10-100 A into the substrate). The etch into 
the substrate is suf?cient to remove unmasked portions of 
the textured surface 206. The textured surface is removed in 
portions of the substrate to permit a regular gate oxide to be 
groWn thereon. As such, a self-aligning process is used to 
ensure that the textured surface 206 is retained only beneath 
the remaining portions of the poly 1 layer 212. 

[0027] In FIG. 2G, the photoresist mask 214 has been 
removed and a gate oxide has been groWn on exposed 
surfaces of the substrate and poly 1. A sacri?cial oxide may 
be formed and stripped prior to gate oxide formation as is 
knoWn in the art. FIG. 2G illustrates a regroWth of a gate 
oxide 216 With a thickness of, for example, approximately 
100 In FIG. 2H, 21 second polysilicon layer 218 (i.e., poly 
2 layer) has been deposited over the FIG. 2G structure. 

[0028] FIG. 2I shoWs the formation of a control gate from 
the poly 2 layer 218 With a stepped con?guration relative to 
the remaining portion of the poly 1 layer 212 that constitutes 
the ?oating gate of the cell structure. The control gate is 
formed by etching the poly 2 layer 212 using a technique 
similar to that described above With respect to the etching of 
the poly 1 layer to form the ?oating gate. The right hand 
edges of the ?oating gate and the control gate (as vieWed in 
FIG. 21) can be aligned using a self-aligned etching proce 
dure (i.e., Whereby the edges of the poly 2 and poly 1 layers 
are etched together). AfterWards, a reoxidation process can 
be used to groW an oxide layer 220 over the exposed 
surfaces of the control gate and ?oating gate. Those skilled 
in the art Will appreciate that a relatively tall gate edge on a 
source side of the cell (i.e., shoWn to the left in FIG. 2I) 
facilitates the use of a self-aligned contact there, because the 
thickness of the edge spacer Will increase. 

[0029] Referring to FIG. 3, a ?ash EEPROM cell con?g 
ured using a process such as that described With respect to 
FIG. 2 can take into account the various conditions 
described by Bude regarding structural properties of submi 
cron gate EEPROM devices; i.e., use of thin tunneling 
oxides, heavily doped shalloW n+ junctions With boron halo 
implants, and negative substrate bias. The substrate bias can 
be facilitated by using a triple Well process, such as a p-Well 
in a deep n-Well on a p-substrate. As such, conventional 
n-Well on p-type material can be used for construction of the 
logic circuits. The bias on the p-Well, Where the ?ash cells 
are constructed, can be applied using on-chip voltage gen 
eration circuits, or the voltage can be supplied externally. As 
such, a device produced using the FIG. 2 process can 
include erase, program and read functions that are imple 
mented in a manner as illustrated With respect to FIGS. 
3A-3C respectively. 

[0030] Referring to FIGS. 3A-3C, relatively loW program 
ming voltages can be used in conjunction With the device 
produced using the FIG. 2 process. In FIGS. 3A-3C, the 
?ash EEPROM cell is a 3.3 volt design, and all voltages used 
for the erase, program and read functions can be generated 
on-chip Without high voltage transistors. 

[0031] More particularly, referring to FIG. 3A, an erase 
function is illustrated for a ?ash EEPROM cell produced 
using the process described With respect to FIG. 2. Boron 
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halo implants 301 and 303 are formed in source and drain 
regions, respectively. FIG. 3A illustrates heavily-doped 
shalloW n+ junctions 302 and 304 in a p-Well of substrate 
300 for the source and drain portions of the cell. These 
regions are formed in similar fashion to the Well knoWn 
LDD process but With a higher dose implant. SomeWhat 
deeper, more conductive, heavily doped regions 306 and 308 
are also formed as part of the source and drain regions. 

[0032] The source drain regions can be formed together 
With use of a triple Well process. The substrate can be 
negatively biased, With the p-type Well being formed in a 
deep n-Well on a p-type substrate, thereby constituting the 
triple Well process Which facilitates substrate biasing. A 
voltage supply contact V5 for the source, Vd for the drain, 
VCG for the control gate, and VB for the substrate biasing are 
also provided. 

[0033] The erase function is implemented by ?oating VS, 
placing VCG at ground, supplying a voltage pulse of, for 
example, 5 volts to the drain (i.e., Vd) and placing VB at 
ground. The threshold voltage VT at the ?oating gate drops 
beloW approximately 1 volt. Thus, for an erase condition, VT 
is relatively loW. For example, for a target VT of 0.5 volts, 
the ?oating gate potential is about 1.0 volts (electrons 
depleted), Which is too loW to cause signi?cant linkage by 
the FoWler-Nordheim process. To erase the ?oating gate in 
a relatively short time, the electric ?eld should be suf? 
ciently high that the FoWler-Nordheim conduction is opera 
tive. 

[0034] In exemplary embodiments, for 100 A silicon 
dioxide dielectrics, 5 volt pulses on the drain produce 
currents on the order of 10'4 to 10'5 A/cm2. (This assumes 
that for the n+ poly-n+ substrate structure Which accom 
plishes the tunneling, the ?at band voltage Which reduces the 
electric ?eld across the oxide is negligible). Because the 
threshold shift is given roughly by Q/CO, Where Q is the 
charge transfer to the ?oating gate and CO is the ?oating 
gate-to-substrate capacity per unit area, substituting Jt for Q 
Where J is the current density and t is time and seconds, for 
a three volt shift, only about 0.01 seconds are required. The 
actual erase time can be on the order of 5 to 10 times longer 
because the drain extension area under the ?oating gate is 
less than the total ?oating gate area, in exemplary embodi 
ments. Those skilled in the art Will appreciate that a value of 
a 3 volt shift is by Way of example only. 

[0035] The n+ extensions shoWn in FIG. 3A can be 
formed prior to spacer formation using, for example, a 
phosphorus or arsenic implant of approximately 5><1014 
atoms/cm2 and using a drive-in/activation step With RTA 
such that a junction depth is approximately 0.1 to 0.2 pm. 
This yields an exemplary doping concentration of mid 1019 
atoms/cm3 range. Some diffusion underlap of the ?oating 
gate is used to accomplish the erase function. 

[0036] Those skilled in the art Will appreciate that the 
values used for the various voltages of the FIG. 3A erase 
function, as Well as those discussed With respect to FIGS. 
3B and 3C, can be modi?ed as desired. For example, the 
erase function can be performed at loWer Vd values by, for 
example, using a thinner tunneling oxide. 

[0037] FIG. 3B illustrates an exemplary program function 
Wherein an increased threshold voltage on a ?oating gate 
electrode is caused by channel initiated secondary electrons. 
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As mentioned above, a device con?gured and produced in 
accordance With exemplary embodiments of the present 
invention can be programmed using relatively loW voltages. 
For a charge to be retained over a long period of time (e.g., 
many years) on the ?oating gate upon programming, given 
an exemplary VT of approximately 2 to 4 volts (measured at 
VB=0), the electric ?eld should be loW enough that the 
FoWler-Nordheim conduction mechanism is non-operative. 
Silicon dioxide leakage current densities are, for example, 
on the order of 10'15 A/cm2. This is achieved by forming 
dielectrics at an upper range of resistivities, by using dry 02 
oxidation recipes knoWn to those skilled in the art. 

[0038] Because the FoWler-Nordheim currents are much 
loWer When leakage ?oWs from negatively charged elec 
trodes, the programmed VT is held by a negatively charged 
?oating gate. The program state can be maintained a long 
period of time When the voltage-to-substrate electric ?eld 
residing at the ?oating gate is small. 

[0039] The threshold voltage at the ?oating gate VT of an 
n-channel transistor With a channel doping concentration of 
about 2><1017 atoms/cm3, Which is a value suitable for 
technologies in the 0.25 to 0.5 micron range is given by: 

viG+Eq/C. 
[0040] Where CIJMS is the metal-silicon Work function, QF 
is the ?xed charge, (I)F is the Fermi potential, Co is the 
capacitance, es is the dielectric constant for silicon, so is the 
permitivity of free space, VBG is the back gate, VFG is the 
voltage left on the ?eld gate after programming, 2 is the 
boron threshold-adjust implant dose, and q is the charge on 
the electron. 

[0041] For the programmed state, the VT is Suf?ciently 
high that the transistor Will not turn on. Substituting VT=3V 
(measured at VBG=0), a loW value for QF, VBG=0V, using 
100 A for the gate oxide thickness, other exemplary values 
appropriate for NA=2><1017 atoms/cm3, and Zq=0, the volt 
age on the VFG is about —0.5 V (electrons accumulated). This 
Would yield a loW electric ?eld of 05x106 V/cm Where 
almost no tunneling currents Would ?oW. Programming can 
be done With a back gate bias, but the target threshold 
voltage is Without that bias because the read condition is also 
Without the bias. This loWers the charge on the ?oating gate, 
Which must be held over a long time. The VT target can be 
loWer, of course, making the charge on the ?oating gate even 
loWer. Various other conditions can be speci?ed for scaled 
technologies, as Will be apparent to those skilled in the art. 

[0042] The relatively high doping concentration in the 
channel, near the surface can be the accumulation of several 
possible boron implants including the p-Well, punch through 
and threshold adjust. KnoWn halo implant processes can be 
used to produce the halo implants, and thereby improve 
punch through and other properties. 

[0043] FIG. 3C shoWs exemplary voltages associated 
With a read function. Hot electron reliability problems are 
avoided by using a loW VD during the read operation. 
Exemplary voltages are as folloWs: VS and VB are at 0 volts 
and VCG is approximately 3.3 volts, VD is approximately 1-2 
volts. A loW VT constitutes an on condition representing a 
“1” and a high VT constitutes an off condition constituting a 
“0” condition. 

[0044] Exemplary embodiments of a ?ash EEPROM cell 
con?gured as discussed With respect to FIGS. 3A-3C and 
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produced using a process as described With respect to FIG. 
2 can be readily integrated into conventional high perfor 
mance logic processes. For example, at the 0.25 micron 
level, it is common in conventional high performance logic 
technologies to ?rst form shalloW trench isolation regions 
using a silicon nitride layer that serves as a chemical 
mechanical polish (CMP) stop after ?ling With SiO2. The 
Wells can then be formed using high voltage ion implanta 
tion. The ?oating gates are then formed as disclosed in FIG. 
2. The second polysilicon layer (i.e., poly 2) serves as gate 
electrodes for the logic transistors. The poly 2 layer can be 
formed as a polycide, or a salicide process can be used. Self 
aligned contacts can be formed using appropriate dielectric 
spacers as is knoWn by those skilled in the art. The logic 
transistors can be formed as lightly doped drains (LDDS) 
With spacers. Extensions for the ?ash transistors can be 
doped at a higher level using appropriate masking an ion 
implantation steps. Thus, those skilled in the art Will appre 
ciate that a process for forming the FIG. 3 cell can be easily 
integrated With a high performance logic process. 

[0045] FIG. 4 is an exemplary layout of a split gate, 
double poly structure suitable for the novel textured sub 
strate EEPROM cell shoWn in FIGS. 2 and 3. The cell area 
is about 8 to 10 f2 depending on alignment tolerances. 
ShoWn is n+ source line 401, ?oating gate 402, Word line 
poly 2 403, self align tungsten plug contacts 404, bit line 
405, STI regions 406, and drain contact 407. Not shoWn are 
their dielectrics and details of the n+ doped regions, Which 
Will be apparent to those skilled in the art. 

[0046] Those skilled in the art Will appreciate that the 
embodiments and processes described above are by Way of 
example only. For example, additional steps can be added to 
the process discussed With respect to FIG. 2 and or addi 
tional features and/or voltages can be used in conjunction 
With the device illustrated in FIGS. 3A-3C. 

[0047] It Will be appreciated by those skilled in the art that 
the present invention can be embodied in other speci?c 
forms Without departing from the spirit or essential charac 
teristics thereof. The presently disclosed embodiments are 
therefore considered in all respects to be illustrative and not 
restricted. The scope of the invention is indicated by the 
appended claims rather than the foregoing description and 
all changes that come Within the meaning and range and 
equivalence thereof are intended to be embraced therein. 

What is claimed is: 

1. A split-gate ?ash memory cell comprising: 

a tunnel oxide formed by oxidation of a textured monoc 

rystalline substrate; 

a ?rst ?oating gate electrode formed over said tunneling 
oxide; 

a gate oxide, separate from the tunneling oxide, formed on 
a non-textured portion of said monocrystalline sub 
strate; and 

a second control electrode formed over said ?rst ?oating 
gate electrode and said gate oxide. 

2. The split-gate ?ash memory cell according to claim 1, 
Wherein said ?rst ?oating gate electrode is self-aligned With 
said tunneling oxide. 
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3. The split-gate ?ash memory cell according to claim 1, 
wherein an oxide-nitride-oxide dielectric is formed between 
said ?rst ?oating gate electrode and said second control 
electrode. 

4. The split-gate ?ash memory cell according to claim 1, 
Wherein said ?rst ?oating gate electrode has a thickness of 
approximately 120 

5. The split-gate ?ash memory cell according to claim 1, 
Wherein said tunneling oxide has a thickness of approxi 
mately 60 to 100 

6. The split-gate ?ash memory cell according to claim 3, 
Wherein said oxide-nitride-oxide layer has a thickness of 
approximately 100 to 150 

7. The split-gate ?ash memory cell according to claim 1, 
Wherein said ?rst ?oating gate electrode and said second 
control electrode are formed of polycrystalline silicon. 

8. A method for producing a split-gate ?ash memory cell 
comprising the steps of: 

forming a tunnel oxide by oxidation of a textured monoc 
rystalline substrate; 

forming a ?rst ?oating gate electrode over said tunneling 
oxide; 

forming a gate oxide, separate from the tunneling oxide, 
on a non-textured portion of said monocrystalline sub 
strate; and 

forming a second control electrode over said ?rst ?oating 
gate electrode and said gate oxide. 

9. The method according to claim 8, comprising: 

self-aligning said ?rst ?oating gate With said tunneling 
oxide. 
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10. The method according to claim 8, comprising: 

forming an oxide-nitride-oxide dielectric betWeen said 
?rst ?oating gate electrode and said second control 
electrode. 

11. The method according to claim 8, wherein said ?rst 
?oating gate has a thickness of approximately 120 A. 

12. The method according to claim 8, Wherein said 
tunneling oxide has a thickness of approximately 60 to 100 

13. The method according to claim 11, Wherein said 
oxide-nitrideo-oxide layer has a thickness of approximately 
100 to 150 A. 

17. The method according to claim 8, Wherein said ?rst 
?oating gate and said second control electrode are formed of 
polycrystalline silicon. 

18. A method for programming a split-gate ?ash memory 
cell comprising the steps of: 

increasing a threshold voltage on a ?rst ?oating gate 
electrode by channel initiated secondary electrons, said 
?rst ?oating gate electrode being formed over a tunnel 
oxide that has been oxidiZed on a textured monocrys 
talline substrate; and 

applying a voltage to a second control electrode formed 
over said ?rst ?oating gate electrode and a gate oxide, 
said gate oxide being separate from the tunneling oxide 
and being formed on a non-textured portion of said 
monocrystalline substrate. 


