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BACKGRQJND 'OF THE INVENTION - 1) Field of the Invention \\Dv}he

i nventi.on relates to methods and resulting electrically programmable
read-only nmenories (EPROV) and el ectrically erasabl e programuabl e read
only-nmenori es EEPROV) device structures. 2) Description of the Prior
Art The mechani sm of hot el ectron em ssion into gate oxide and gate
had been identified by A Phillips et al. in the 1975 | EDM Techni cal
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other scientists. Until identificat | on of hot electron em ssion, electrical
progr ammabl e nenories (EPROV) utilized nenory structures very simlar to
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The mventxon relates to methods and resultmg elegtncally programmable read-only

memories (EPROM)and electrically erasable programmable read only-memories EEPROM)

device structures.

2) Description of the Prior Art

The mechanism of hot electron emission into gate oxide and gate had been identified
by A. Phillips ét al. in the'1975 IEDM Technical Dz’gesl‘, p. 39. Since then, the phenomena
was intensively investigated by T. Ning et al. in J. dpplied Physics, 1977, Vol. 48, p.286,

| and by many other scicnti:s-ts. Until identification of hot electron emission, electrical
programmable me}_nories (EPROM) utilized memory structures very similar to those of
Channel Hot EIectfpn EPROM’s, but which employed the avalanche breakdown mechanism
to program the men::%ory cell by Frohman-Bentchkowsky: p-channel in 1971 ISSCC; p. 80, “A
Fully decoded 2048 :'bit Electrically-Programmable MOS-ROM?”, and n-channel in an article
entitled “FAMOS -A New Semit;onciuctor Charge Storage Device”, Sofid State Electronics,
1974, Vol.17,p. 5 1.7..:=Im_mediate1y after discovery of the hot electron emission mechanism

into a silicon gate, this inj_ection,:niechanism was applied for programming of n-MOSFET



Channel Hot El ectron EPROM s, but which enpl oyed the aval anche breakdown
nechani sm to programthe nenory cell by Frohman-Bentchkowsky: p-channel in
1971 I SSCC, p. 80, "A Fully decoded 2048 bit Electrically-Programuable
MOS- ROM', and n-channel in an article entitled "FAMOS -A New Sem conduct or
Charge Storage Device", Solid State Electronics, 1974, Vol. 17, p. 517.

| medi ately after discovery of the hot el2eetron em ssion nechanism into a
silicon gate, this injection nmechanismwas applied for programm ng of

n- MOSFET i ) « ' Srizati
col s by 5N sels by Bares e gl Ju VDA 0477, “Ongition nd CharareriantiofiGF

Charactery,zatio chann Eﬁ%ce ) : | sbu in 1977 | SSCC,
0. 186, IVGepE ER el feRt & 177888 ccr 15 Hgh PertOrmancoaiass
showed two basic types of the double polysilicon CHE EPROMtransistors in
Fig. 1A sEBROMasieg aistwkigsteaellLU0Banmes shoveed 1B tasic typesasfethe ﬂ@ﬂﬁlb?bgfsilicéﬁ()b-
Both transistors have N+ source junction 104, N+ drain junction 106,
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130, and control gate 145. nsi st o as a split~c
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controll eij by control gate 145. Passivation layer 900 is showmn in Fig. 1B
In 01, channel gate oxide 120, floating gate 140, poly oxide 130, and control gate 145.

Transistor 100b has a split channel consisting of a section 110 whose conductivity is
controlled by floating gate 140 and control gate 145, in series with a section 118, whose
conductivity is controlled by control gate 145. Passivation layer 900 is shown in Fig. 1B. In
both type transistors 1002 and 100b, programming takes place by injection of hot electron

near the silicon surface and near the drain junction.

A numerical model correctly predicting hot electron emission into floating gate was

established by Cheming Hu in IEDM 1970, p. 223, ‘Lucky-Electron Model of Channel Hot
Electron Emission’. Fig. 2 presents the cross sectional view of a typical double polysilicon
stack gate EPROM transistor 200, which was used to explain his lucky model. The transistor
is an NMOS transistor with source 204, drain 206, substrate 201, floating gate 240 and
control gate 245. When a voltage Vcg is applied to control gate 245, over the floating gafe
240 but insulated by dielectric layer 230, capacitive coupling causes the voltage of the

floating gate to increase proportionally to the capacitance ratio (=coupling ratio) of Ccg-fg/

(Ceg-fg + Cfg-si), where Ccg-fg is the control gate-floating gate capacitance and Cfg-si is the



both type transistors 100a and 100b, programm ng takes place by injection
of hot electron near the silicon surface and near the drain junction.

A nunerical nodel correctly predicting hot electron em ssion into floating
gate was established by Cheming Hu in | EDM 1970, p. 223, 'Lucky-Electron
Model of Channel Hot Electron Emssion'. Fig. 2 presents the cross
sectional view of a typical double pol¥ysilicon stack gate EPROM transi stor
200, which was used to explain his lucky nodel. The transistor is an NMOS
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control ga s applied to control gate 245, over

the floating, gate 240 but insyl ated ielectric |a 30, capacitive
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proportionally to the capacitance ratio (=coupling ratio) of Ccg-fg/
(Ccg-fg +ielidghmit) thendmiresdrge pofential wdifferemuetacotlerpdgschorizontal mgvemens of
capaci tance and Cfg-si is the
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gate voltage exceeds the threshold voltage, electrons begin to flow from

source t OTﬂé %fe@tror-ll-shgeaiﬁ] 8x§e'r{2;§9 Qﬁd”‘ rlnoﬁlleﬁﬁltn{ F5m the horizontal field reaching maximum

energy near the drain edge 206. A small portion of electrons obtain higher energy than the
tunnel oxide (220) barrier height. When electron energy exceeds the insulator barrier height,
it becomes possible that electrons may be emitted into the insulator 220 and reach the
floating gate polysilicon 240 if the momentum (motion) of electrons is redirected upward to
the floating gate by acoustic phonon scattering without suffering energy loss. It was observed
that the probability of injection from the channel into the polysiﬁcon is less than the orders
of IE-6 to IE-9. Also the model suggested that channel hot electron emission into a floating
gate would be negligible if Vd-Vs is less than 2.5V, no matter how small the channel length

or junction depth.

That the probability of channel electron onto the floating gate is so small is
disadvantageous in many ways. The disadvantages in the prior art channel hot electron

injection for EPROM and EEPROM memory operation are:

a) The drain voltage has to be raised much higher (for example 5V or higher) than

theoretical requirement of 2.5~3V since the probability that electrons are redirected upward



field due:to the drain-source potential difference accel erates horizontal
novenent of electrons in the channel which is near to the silicon surface,
typically within a | Onm depth. The el ectrons gain energy and nmonmentum from
the horizontal field reaching maxi rum energy near the drain edge 206. A
smal |l portion of electrons obtain higher energy than the tunnel oxide
(220) barrier height. Wen electron energy exceeds the insulator barrier

hei ght, it becones possible that electrons nay be emtted into the
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acousti c phonon scattering wthout suffering energy loss. It was observed

that the ?@B@éﬁagﬁty of injection fromthe channel into the polysillcon is
| ess than the orders of IE-6 to IE-9. Also the nbodel suggested that
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Vd-Vs is less than 2.5V, no matter how snmall the channel |ength orjunction
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(for exanple 5V or higher) than theoretical requirenment of 2.5~3V since
t he probagsité veliagelisnlower tenithndrain eltage elenttons thapwerralinjected into the oxide get
repelled back to the drain. |
¢} The program time to store electrons onto the floating gate is long, typically on the
order of micro-seconds compared to the read access time on the ten nano-second order, since
the injection efficiency of electrons is less than 1E-6.
d) Since the injection current is so small and the injection current depends on both
the drain voltage and the control gate voltage, it is difficult to control the level of retained
electrons each time in the program cycle. |
e) High voltage devices to decode the control gate are required in the memory array.
The higher the control gate voltage is, the longer thq channel length must be with thicker

gate oxide. This induces a density penalty and becomes a major obstacle in the scaled

technology.

f) Extra hot electrons due to the higher drain voltage lead to quick oxide wear out and
less endurance, since the higher energy electrons damage more oxide crystal lattice and

creates traps.



-4- . by acoustic scattering is so small that many hot el ectrons have to be
generated by increased drain voltage. b) The control gate voltage
nmust be high (9~10V for a coupling ratio of 0.6~0.5), because the injected
el ectrons require an assisting electric field to reach the floating gate
polysilicon (the floating gate voltage negds to exceed the drain voltage).
When the floating gate voltage is |ower than the drain vol t age, el ectrons
that were injected into the oxide get repelled back to the drain.

¢) The brodr am{pdife: LoysiiliiSn 3né Pld @R Qe drdhidi AR olgw el efiRMcy,
typically on t¥e ~order of m croiseconds conpared to the read access ti'ne
on the ten nano-second order, since the injection efficiency of electrons
is | ess tanthe high voltage requiremgntdprdie dﬂ'ﬁéap‘ﬂ\f:@%tﬂ?l(ﬂa}t?eurrent is so small and
the injection current depends on both the drain voltage and the control
gate voltage, it is difficult to control the |evel of retained electrons
each tinme in the programcycle. e) High voltage devices to decode
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voltages to the transistor terminals. There are two erase approaches to removing electrons
from the floating gate in EEPROM. One approach is with the double polysilicon EEPROM

cell, which removes electrons from the floating gate to downward silicon (i.e., either source,
drain diffusions or substrate). Another approach is with the triple polysilicon EEPROM cell

which removes electrons from the floating gate to a separate third gate.



t echnol ogy. f) Extra hot electrons due to the higher drain voltage
|.ead to qui ck oxide wear out and |ess endurance, since the higher energy
el ectrons danage nore oxide crystal lattice and creates traps.

g) Power consunption and the drain current are high due to |low injection
efficiency, and the high voltage requirenent for the drain and control
gat e. In electrically -easabl e and programuabl e read-only
menories (EEPROM), electrons stored on the floating gate are renoved

el ectrical ly by appthd dubldwolggificamsellatpproach foriGERROM istdeseritedbysd.or
termnals. There are two erase approaches to renoving electrons fromthe
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cell, whiTh renoves &l ectrons oat | né gat’e owawar o’ con
(i.e., either source drain diffusions or substrate)..Another approach is
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floating gate to a separate third gate.
polysilicon cell are described by H. Kume et al. in an article titled, “Flash-Erase EEPROM
cell with an Asymmetric Source and Drain Structure”, Technical Digest of the IEEE
International Electron Device Meeting, December 1987, p. 560, and by V.N. Kynett et al, in
an article titled, “A‘n In-system Reprogrammable 256k CMOS Flash Memory”, Digest of

Technical papers, IEEE International Solid-State Circuits Conference, February 1988, p.

132.

A typical double polysilicon stack gate EEPROM cell by H. Kume, which
removeselectrons from floating gate to downward silicon, is shown in Fig. 3A. Erase in
double polysilicon EEPROM transistor 300a is achieved through tunnel oxide 320, between
floating gate 340 and source diffusion junction 304 when the electric field across the tuﬁnel
oxide exceeds the critical electric field for F-N tunneling of ~10 MV/cm. In typical voltage
applications for erase, the tunnel oxide is 10nm, the diffusion junction is 12V, the control
gate is OV and the drain voltage is floating. Since this approach requires high voltage on the
source junction, the junction is susceptible to avalanche breakdown. In order to protect
against breakdown, the source junction is made deeper than drain junction (the drain junction
must kept shallow to create a high electric field at drain junction edge for Hot Channel

Electron). This stack gate cell is a variation of EPROM cell 100a in Fig, 1A, but with an



-6- - : The doubl e polysilicon cell approach for EEPROM i s
described by G Sanmachusa et al., in 1987 | EEE Journal of Solid Sate
Circuits, Vol. SC-22, No. 5, p.676, "128K Flash EEPROM usi ng doubl e

pol ysilicon technol ogy”. Variations of this double polysilicon cell are
described by H Kume et al. in an article titled, "Flash-Erase EEPROM cell
Wi th an Asymmetric Source and Drain Strugture”, Technical Digest of the

| EEE International Electron Device Meeting, Decenber 1987, p. 560, and by
V.N. Kynett et al, in an article titled, "An In-system Reprogranmabl e. 256k
OMOS Fi as#syRERFigal deep seusee jynctionadh i nosediaithg dopklespo Shfxpié B&?ﬁ%&lﬁm 1606
Solid-Slate Crcuits Conference, February 1988, p. 132.

A typi cal offershl jangidinysi drlyg ome sidedd godannbiffeRisbt ded EE ayplitatisnsmequisnge h
removesel ectrons fromfloating gate to downward silicon, is shown in Fig.

3A. Erase,| : ysilicon EEPROM transi stor 300a is achi eved through
t unnel ox?algmggg?%tg%s\?@gh floating gate 340 and source diffusion junction

304 when the electric field across the tunnel oxide exceeds the critical
electric field for F-N tunneling of ~10 MW/ cm |In typical voltage
applications for erase, the tunnel oxide is 10 nm the diffusion junction

s 12V, the control ) » ) )
The triple polysilicon transistor overcomes this problem because electrons are

not removed to the junction, but to a third polysilicon. Also, the triple silicon EEPROM ce}l
is claimed to solve the density disadvantages associated with a deep junction for scaled-
down memory technologies. A triple polysilicon device is described by J. Kupec et al. in
1980 IEDM Technical Digest, p.602 in an article entitled, “Triple Level Polysilicon
EEPROM with Single Transistor per Bit”. An improvement to the Kupec device was
proposed by F. Masuoka and H. lizuka in US Pat No. 4,531,203 issued July 23, 1985.
Variations on the same cell are described by C.X. Kuo and S.C. Tsaur in US Pat. No.
4,561,004 issued Dec. 24, 1985 by A.T. Wu et al,, in the 1986 IEDM Technical Digest, p.
584 in an article entitled, “A Novel High-speed, 5- V Programming EPROM structure with

source-side injection”, and by E. Harari in US Pat. No. 5,198,380 issued Mar 30, 1993.

All of these various triple polysilicon memory cells utiiize one of the
polysilicon levels as an erase gate. An erase gate passes through each memory cell transistor
closely adjacent to the surface of the floating gate, but insulated therefrom by a thin tunnel
dielectric. Charge is then removed from the floating gate to the erase gate, when appropriate

voltages are applied to all of the transistor elements. Among various triple polysilicon



gate.is OV and the drain voltage is floating. Since this approach requires
hi gh voltage on the source junction, the junction is susceptible to

aval anche breakdown. In order to protect against breakdown, the source
junction is made deeper than drain junction (the drain junction nust kept
shallow to create a high electric fieldgqat drain junction edge for Hot
Channel Electron). This stack gate cel? Is a variation of EPROM cell 100a
in Fig. 1A, but with an
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are not renoved to the junction, but to a third polysilicon. Also, the
triple sifromahe RIEREM ofehd flodtingalasd toethe thirdspulysilidones S0e Mipical volepdy applﬁ@es

associated with a deep junction for scaled- down nenory technol ogies.
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ONO 325, and 0V for the second polysilicon of control gate 345 and the diffusion junctions

of 304 and 306. The highest junction voltage is about 5V on the drain, during program.
Thus junction avalanche breakdown and junction leakage problems do not exist in the triple
polysilicon EEPROM transistor. The solution of a triple polysilicon transistor has its own

cost however. The disadvantages:

a) Extra process steps to build a triple polysilicon structure involve extra depositions
of polysilicon for erase, and a dielectric layer for tunnel erase. Extra complicated structures
and masking steps are also involved to selectively remove electrons from the floating gate to
erase polysilicon, not to tunnel from the erase gate to control gate polysilicon. This

penalizes not only an increase in process complexity, but also the memory cell density.

b) Extra circuitry to generate the erase voltage is required. In order to minimize the
impact of extra circuitry on density, the block size of erase must be relatively large. Large
block size of erase reduces the overall lifetime of the memory array, since the large block

size increases unnecessary program and erase cycles.



EEPROM wi t-h Singl e Transistor per Bit". An inprovenent to the Kupec device
was proposed by F. Masuoka and H. 1lizuka in US Pat No. 4,531, 203 issued
July 23, 1985. Variations on the sanme cell are described by C K Kuo and
S.C. Tsaur in US Pat. No. 4,561,004 issued Dec. 24, 1985 by A T. W et
al., in the 1986 | EDM Technical Digest, p. 584 in an article entitled, "A
Novel Hi gh-speed, 5- V Programm ng EPRGM9structure with source-side
injection", and by E. Harari in US Pat. No. 5,198,380 issued Mar 30, 1993.
Al'l of these various triple polysilicon nmenory cells utilize one of the
polysilicon levels as an erase gate. An erase gate passes through each
menory cell transistor closely adjacent to the surface of the floating

gate, but insulated therefro i i tric. Charge is then
removed fromthe floating ga@%ﬁ%i@mm appropriate

vol tages are applied to all of the transistor elenents. Anong various
triple polysilicon - 8-
EEPROM cel | s, the EEPROM transi stor 300b with the third polysilicon for
erase by Kupec is shown in Fig. 3B. In transistor 300b, electrons stored
on the floating gate 340 are renoved fromthe side wall of the floating
gate to the third pollisinveation Bdes tpyagiimprovesientfps slestristally programmable read-

only memories (EPROM) and electrically erasable programmable read only-memories
(EEPROM), specifically to device structures and operating techniques to effectively utilize
the structure for extended applications in non-volatile memories. The invention also relates

to methods for making such device structures.

An electrically programmable read-only memory (EPROM) utilizes a floating
(unconnected) conductive gate in a field effect transistor structure, positioned over but
insulated from, a channel region on a semiconductor substrate, between the source and drain
. regions. A control gate is provided over the floating gate, but also insulated therefrom. The
memory state is determined by the amount of charge retained on the floating gate, which
controls the threshold characteristics of the transistor. The mechanism of the charge storage

phenomena in channel hot electron (CHE) is explained by the following.

When a voltage is applied to the control gate which lies over the floating gate,

capacitive coupling from the control gate to floating gate increases the floating gate



to each node during erase are the follow ng: 12-15V on the triple erase

pol ysilicon for 20nm ONO 325, and OV for the second polysilicon of control
gate 345 and the diffusion junctions of 304 and 306. The highestjunction
voltage is about 5V on the drain, during program Thus junction aval anche
breakdown and junction | eakage problens do not exist in the triple
polysilicon EEPROM transi stor. The sol-utiPon of a triple polysilicon

transi stor has its own cost homever The disadvantages

T gl 5, b A GBS GO B

erase. Extra conplicated structures and nasking steps are also involved to
sel ect i veflgw feompsares toarrinn . herirantal glecirisalicld gug sa theidsainspuise pptential | i con,
not to tunnel fromthe erase gate to control gate polysilicon. This
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cell densit tra circuitry to generate the erase voltage is
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erase reduces the overall lifetinme of the neno ray nce the Iarge
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voltages. When electron energy exceeds the insulator barrier height, it becomes possible that
electrons may be emitted into the insulator and reach the floating gate polysilicon, if the
momentum (motion) of electrons is upward to the floating gate. This probability is very
small though, which results in low efficiency and long program time. Once electrons are
injected and stored onto the floating gate, the threshold voltage of the memory cell has been

increased.

The state of a memory cell transistor is read by placing a voltage across its
source and drain, and on its control gate, the same way a normal MOSFET transistor is
operated. The amount of current flow between the source and the drain is influenced by the
threshéld voltage, namely, the amount of stored electrons. The more electrons that are stored
on the floating gate, the higher the threshold voltage, and the lower the current. fhe state of
the memory is determined by the current level. Only a small portion of channel electrons are
injected onto the floating gate, typically one out of millions. Programming time to inject

‘electrons onto the floating gate is very slow, compared to the read time of the same memory

transistor. In order to improve the program time, high drain and control gate voltages are
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This invention relates to an inprovenent for electrically programmabl e
read- only nenories (EPROM and electrically erasabl e progranmmbl e read
only-nmenories (EEPROM), specifically to device structures and operating
techniques to effectively utilize the_srlfu_ct ure for extended applications

i n non-vol atile nmenories. The invention also relates to nethods for naking
such device structures. An el ectrically programrmabl e

read- onl Yemﬁﬂ?édlin@m@mdﬂakh EEPROM kcelds. i Tie requinementaf high) valiagel isct inagrgat e
inafield effect transistor struycture, positioned over but insulated

from a c r o 1 tor substrate, between the source and
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drain regions. /i ded over the floating gate, but also
i nsul ated therefrom The nenory state is determ ned by the amount of
charge retained on the floating gate, which <controls the threshold
characteristics of the transistor. The nmechani sm of the charge storage
phenonena in channel hot electron (CHE) is explained by the follow ng.

It is the primary object of the present invention to provide a new memory cell

configuration and structure which improves, by many orders of magnitude, the electron |

injection efficiency.

It is another object of the present invention to provide a new memory cell
configuration and structure which allows reliable, programming and reliable erasing from the

same drain junction.

It is another objective of the present invention to reduce the drain and control
gate voltages necessary for electron injection, to allow future scaling of the memory cell and

high density memories, as well as improve reliability and endurance of the memory cell.

It is another objective of the present invention to provide faster programming
time to attain the target level of electron storage, which, when combined with the
controliability of electron injection, makes applications of multi-level/multi-bit storage on a

single memory transistor, more effective.



When a voltage is applied to the control gate which lies over the floating
gate, <capacitive coupling fromthe control gate to floating gate increases
the floating gate - 10 -
potential. Once the floating gate voltage exceeds the threshold voltage,

el ectrons begin to flow fromsource to drain. A horizontal electric field
due to the drain-source potential differthee accelerates the horizontal
novenent of electrons in the channel, which is near to the silicon
surface. The el ectrons gains energy and nmomentum fromthe field and reach
maxi mum energy at the drain's edge. Electron energy |evel increases for

hi gher drain voltages. Wen el ectron energy exceeds the insulator barrier
hei ght, it becones [iidsandther dijedtivealf ¢iet present mvgntien tnprovidd ai fastore foe

i nsul ator and reach the floating gate polysilicon, if the nonmentum
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very small though, which s in lowefficiency and | ong programtti ne.

v eshol v BRBgh g R I0! R BB SRR BRE T e caseas O

It is another objective of the present invention to provide an operating
technique for tunneling erase from the floating gate to the control gate, by utilizing a feature
of the new structure as a double polysilicon EEPROM cell instead of the triple polysilicon

EEPROM in prior art.

It is another objective of the present invention to provide a feature for Non-
Volatile RAM function in a split gate cell with a new structure, and to provide an operating

technique to write ‘0’(program) or ‘1’ (erase) for a selected word line(control gate).

It is another objective of the present invention to provide simpler and more
controllable processes to manufacture EPROM’s, flash EEPROM’s and nonvolatile memory

applications.



The state of a nenory cell transistor is read by placing a voltage across
its source and drain, and on its control gate, the sane way a nor nal
MOSFET transistor is operated. The amount of current flow between the
source and the drain is influenced by the threshold voltage, nanely, the
amount of stored el ectrons. The nore el eqtrons that are stored on the
floating gate, the higher the threshold voltage, and the |lower the current.
The state of the nenory is determ ned by the current level. Only a small
portion of channel &hewstandraddiional oby¢ctsarediceomplishied by itheavarioys gspeets of the
typically one out of millions. Piogramming tinme to inject electrons onto

the float} ks od. : |
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menory ttansistor. th e, in and
control gate valt s are enpl oyed in EPROM and fl ash EEPROM
cells. Th&R F‘F‘g%g?ﬁlo%f hi gh voltage is a major obstacle to scaling down
the nenory array. It is the primary object of the

present invention to provide a new nenory cell
The problems associated with prior art channel hot electron injection types of

EPROM and EEPROM are overcome by providing a step channel/drain structure, which
adds a vertical channel/drain component under the floating gate to a previously horizontal

- channel structure. The efficiency of electron injection from the channel to the floating gate
is enhanced by many orders of magnitude, because electrons accelerated in the horizontal
channel penetrate directly, in the direction of movement, into the vertical component of the
floating gate, in contrast, prior art relied on the indirect process of electron scattering by
phonon and the 90 degree redirection of motion upward to the ﬂoating' gate. With the feature
of vertical injection step, high injection efficiency decreases programming ﬁme, which also
makes multi-level storage easier and more controllable, and allows operation at much lower

voltages and improves reliability and overall process complexity.

A single polysilicon EPROM cell is achieved, distinguished from the prior art
double polysilicon cell at low voltage programmability of as low as 5V, utilizing the first
embodiment of this invention of a step cha'.'nngl_/drain structure by simply adjusting the
overlap drain region to be slightly longer than the horizontal channel length. The simplicity

of the structure and its manufacturing process, as well as its low operating voltage makes the



configuration and structure which inproves, by many orders of magnitude,

the electron injection efficiency. It is another object
“of the present invention to provide a new nenory cell configuration and
structure which allows reliable, progranmng and reliable erasing fromthe
same drain junction. It is another objective of the

present invention to reduce the drain and gontrol gate vol tages necessary
for electron injection, to aIIOW/future'ééarTng of the menory cell and
high density nenories, as well as inprove reliability and endurance of the
menory cdEPROM compatible with logic or DRAM aad ptdwdesokderapplieatodn such apnidegration

i nvention to provide faster programmng tinme to attain the target |evel of

el ectron GEPReRs oftb iaqE%ig\ég bf)ﬁeamfdaﬁés} %%%%{i%iop‘i@?ﬁl&éé A}y 0P

el ectron Injection, na lcatl o ti-lTevel/ multi-bit storage on
a single r ransi st.qr,, re effective.
g po ysqﬁcc}ﬁ ftuses ona lt)RAM %Blp.

In a double polysilicon EEPROM transistor with a step channel/drain
structure, a new feature of reliable erase and program operations ét the same of junction is
achieved by adjusting the N-drain length longer, junction depth deeper, and dosage lighter, to
withstand the high voltage needed to induce tunneling from the floating gate to diffusion
without adversely affecting the injection efficiency very much. In the prior art EEPROM
cell, a reliable erase operation by tunneling to diffusion is only implementable at the deep
source side junction, and not at the shallow drain junction which is used for programming.
Therefore a split gate structure, as well as a stack gate structure, can be adapted to use this
new feature, otherwise same side erase and program is impractical since the split gate cell

has only one junction next to the floating gate.

Another new feature for erase operation by tunneling from the floating gate to
the control gate in a double polysilicon EEPROM transistor with a step channel/drain, is also
enabled by adjusting the length of overlapped floating gate over the N-drain diffusion. In
prior art, electron removal from the floating gate to another polysilicon by tunneling required
a triple polysilicon structure instead of double polysilicon in an EEPROM transistor, This

new double polysilicon EEPROM transistor feature provides a shallower drain junction



- 12 - It is another objective of the present invention
to provide a feature for EPROM function in a single polysilicon cell with
a new structure and operating techniques of programand read for that
singel polysilicon cell. It is another objective of the
present invention to provide an operatlng techni que for tunneling erase
fromthe floating gate to the control gaig, by utilizing a feature of the
new structure as a double polysilicon EEPRC]\/I cell instead of the triple
polysilic n_pri

obj ecti ve?‘iﬂmﬁaﬁ tort MW fMﬁP?% 2 gage i diffusion), f?dé'&F%P@cFﬁrCON&PﬁW{Y\@PBWP| e
RAM function in a split gate cell with a new structure, and to provi de an
oper at i ng polysiticon gsigriple potysileoh)) s(mﬂelgerase)bloa:k $ize sdohraasbg)wdrd line (switef line)

word line(control gate). I s anot her obj ect ive of the
present i nugntihg rceRlddy éﬁﬂuga%cé ua@{&redaafbnrmf&meé‘eefh&( gtd goaeses 1o
manuf acture EPROM s, flash EEPROM s and nonvol at | ry app i cdtions.

resulting from the size of the large block erase.

Non-volatile RAM operation usiﬁg a split gate double poiy transistor with a
step channel/drain structure, not achievable in prior art EEPROM, is enabled by combining
the operating features of low voltage programming and poly to poly tunnel erase. The nature
of Random Access Memory is the capability to write “0’s (program) and “1”s (erase) to
different transistor locations at the same time, for an electricallv connected and selected
control gate. With proper design and application of voltages on the drain and the source,
RAM functionality can be achieved for a split gate double poly transistor with a step
channel/drain structure. This double polysilicon split gate transistor with injection step
channel will find much wider application since it behaves like RAM but is also non-volatile.
Also, the bit by bit program and erase capability extends the endurance of program/erase

cycles, as well as improves program/erase time.

A triple polysilicon EEPROM transistor with an arbitrary vertical floating
gate channel in series with a horizontal channel (without N-drain region but with vertical
channel) is provided, which is a variation of the double polysilicon EEPROM transistor with

a step channel/drain and utilizes the same concept of high injection efficiency due to straight



- 13 - . These and additi onal objects are acconplished by the
various aspects of the present invention, either alone or in conbination,
the primary aspects being briefly sumrarized as bel ow
The probl ens associated with prior art channel hot electron injection types
of EPROM and EEPROM are overcone by providing a step channel/drain '
structure, which adds a vertical channgf/drain conponent under the
floating gate to a previously horizontal channel structure. The efficiency
of electron injection fromthe channel to the floating gate is enhanced by
many or deingectibn i glectromse in the direstéonedfanovement, antoghe vertisel composentiihe ont al
channel penetrate directly, in the direction of novenent, into the vertical
conponent fgftiddeite f1 0ating gate, in contrast, prior art relied on the
i ndirect process of electron scattering by phonon and the 90 degree
redirection of notion upward to the floating gate. Wth the feature of
vertical injection step, high injection efficiency decreases progranmm ng
time, which also makes nultilevel storage easier and nore controll able,
and al | ows oper at i onA grimeabiedtiveuef this/imventipss ista demopsteate the manyaetiabilitund
overal | process conplexity.

of the step channel device structure. A simple method to fabricate the step channel with self

aligned N-drain to the step is first shown, in which the floating polysilicon gate to cover the
step channel in a non-self aligning process. Utilizing this simple method to create a step,
basic processes to fabricate stack and split gate transistors in EPROM/EEPROM are also

shown.
An altemative fabrication method for split gate transistors is provided in

which the channel and step lengths under the floating gate can be accurately fabricated, and

misalignment is practically eliminated by fully utilizing spacer techniques.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1A is a cross section of the stack EPROM prior art cell which programs

by injecting channel hot electrons into the floating gate.



A single.polysilicon EPROM cel |l is achieved, distinguished fromthe prior
art double polysilicon cell at |ow voltage programmability of as |ow as
5V, utilizing the first enbodinent of this invention of a step

channel /drain structure by sinply adjusting the overlap drain region to be
slightly longer than the horizontal channel length. The sinplicity of the
structure and its manufacturing processi7zas well as its | ow operating

vol t age nakes the -
14 - EPROM conpatible with | ogic or DRAM and provi des wi der application
such as i ntegr at i onFigo1B EPRGdsoseiction of thgisplit EPROM priedarh delhwiich programs by
personalization to replace alum numor polysilicon fuses on a DRAM chi p:

In a doub j ol @%@/F ﬂféﬁﬂ £ h a step channel /drain
structur ej,n?eéﬁ%g\)/évﬁ%eﬂaefgér&e of re I|{t{'31b e %tglggmécthd program operations at the
same of junction is achieved by adjusting the N-drain |length | onger,
junction depth deeper, and dosage lighter, to wthstand the high voltage
needed to i nduce tunneling fromthe floating gate to diffusion wthout

adversely affecting the injection efficiency verﬁ//I much. In the prior art
EEPROM Fig. 2 is a cross section of the stack EPROM prior art cell which is used to

explain ‘Lucky-Electron Model’ of injecting channel hot electrons into the floating gate.

Fig. 3A is a cross section of the stack EEPROM prior art cell which erases by

tunneling of electrons from the floating gate to the source diffusion.

Fig. 3B is a cross section of the flash EEPROM prior art cell with triple

polysilicon which erases by tunneling from the floating gate to an erase gate.

Fig. 4A is a cross section of the stack gate EEPROM cell with a step
channel/drain structure, in accordance with the first embodiment of this invention wherein
channel hot electrons are injected straight in the direction of the moving electrons, into the
floating gate through the side wall channel oxide. In the third embodiment of this invention,

electrons on the floating gate are removed by tunneling from the floating gate to the step

drain diffusion.



cell, a reliable erase operation by tunneling to diffusion is only

i npl ementabl e at the deep source side junction, and not at the shall ow
drain junction which is used for programm ng. Therefore a split gate
structure, as well as a stack gate structure, can be adapted to use this
new feature, otherw se sanme side erase and programis inpractical since the
split gate cell has only one junction ?€Xt to the floating gate.

Anot her new feature for erase operation by tunneling fromthe floating gate

to the control gate in a double polysilicon EEPROM transistor with a step

F1loat i ng gat ¢ over KBGESHAPH wrvot e R bl Rt RO PelP by @AYol T oo

fromthe floating gate to_another pol éSi | icon by tunneling required a
triple pehgrnalideain seueturs; iy accprdaneswith theiiisbembedimest of thisrnvention Erpsiom
transistor. This new double polysilicon EEPROM transi stor feature provides

a shal | owhaniib] Abfelkstidisia@dinjected straight in the direction of the moving electrons, into the
- 15 - (conpared to tunneling fromfloating gate to diffusion), reduced

process ' e . Ll MS. iof- i1 .. r
oy oce Sy SRRSO AP QUSSP Brte, o A PO O SUBLLRT
endur ance due to redhjcti on of unnecessary pr.ogram erase cycles,

electrons on the tloating gate are removed by tunneling from the floating gate to the step

drain diffusion.

Fig. 4C 1s an illustration of the angle measurement of the step, which is

measured from the channel silicon surface and is appropriately larger than 30 degrees, due to

density considerations.

Fig. 5A is a cross section of the single polysilicon EPROM cell with a step
channel/drain structure in accordance with the second embodiment of this invention wherein
channel hot electrons are injected straight in the direction of the moving electrons, into the

floating gate through the side wall channel oxide.

Fig. 5B is a cross section of a capacitor wherein the polysilicon gate is
electrically connected to the floating gate polysilicon of the EPROM cell in Fig. SA

providing control/select gate function.



resulting fromthe size of the |arge bl ock erase.

Non-vol atil e RAM operation using a split gate double poly transistor with a
step channel /drain structure, not achievable in prior art EEPROM is

enabl ed by conbining the operating features of |ow voltage progranmm ng and
poly to poly tunnel erase. The nature of Random Access Menory is the
capability to wite "0"'s (program) and,,l"s (erase) to different

transi stor locations at the sane tine, fl?)r an electrically connected and
sel ected control gate. Wth proper design and application of voltages on
the drain and the source, RAM f‘unctl onality can be achieved for a split
gate double poly transistor with a step channel/drain structure. This
doubl e polysilicon gplit gate transistor wth injection step. channel wl]
find nuch wider appVigcdtiohcophiestion obilgBFROM, m@nmmeﬁwhqrgméh%EPROM
non-vol atile. Also, the bit by bit program and erase capability extends

t he endurizamsistaf500a dyFrb Arisieseriey il £sormab FBF| ttansistor 5p0oxesh providsather ase

tinme. Atriple pol ysilicon EEPROM transi stor with an
ar bi trar ysey&¥ fideib B}«H@:}d channel in series with a horizontal
channel (w thout rain reg| on but with vertical channel) is provided,

which is a variation of the double polysilicon EEPROM transistor with a
step channel/drain and utilizes the sanme concept of high injection
efficiency due to straight

Fig. 6A is a cross section of the stack gate EEPROM cell with a step
channel/large overlapped drain structure designed for another feature of tunnel erase, in
accordance with the fourth embodiment of this invention wherein electrons on the floating
gate are removed by tunneling from the floating gate to the control gate, in addition to the
feature of first embodiment of straight injection of electrons in the direction of moving via

step channel oxide.

Fig. 6B is a cross sect@on of the split gate EEPROM cell with a step'
channel/large overlapped drain structure designed for another feature of tunnel erase, in
accordapce_ with the fourth embodiment of this invention wherein electrons on the floating
gate ére removed by tunneling from the floating gate to the control gate. Al‘so this transistor
is operated as a Nonvolatile RAM by propei' designs and conditions which is the fifth

embodiment of this invention.



- 16 - injection of electrons, in the direction of novement, into the
vertical conponent of the floating gate. A prine
objective of this invention, is to denonstrate the manufacturability of
the step channel device structure. A sinple nmethod to fabricate the step
channel with self aligned N-drain to the step is first shown, in which the
floating polysilicon gate to cover the s% p channel in a non-self aligning
process. Utilizing this sinple nethod to reate a step, basic processes to
fabricate stack and split gate transistors in, EPRQV EEPROM are al so , shown.
An al ternative fabrRigtG e eressseetianoef anpther spiitieate EEPROM wlgstwtwwtmd in
whi ch the channel and step |engths under the floating gate can be

accur at elsyepf chafhél 2ivBidh 194 daridtiondlf] Hidropetatésswith adenticall fuyctiinalitytefthg by ful ly
utilizing spacer techniques. BRI EF DESCRI PTI ON

OF THE DRANLINGP600b in Fig, 6B.

Figs. 6D and 6E are variations of the double polysilicon split gate transistor of

Fig. 6B with the step channel.

Fig. 7A is a simplified capacitance model for the transistors in Figs. 6A, 6B,

6C, 6D ,6E to explain the operation of poly tunnel erase EEPROM and Non-volatile RAM.

Fig. 7B contains Table which shows example voltage conditions for writing
‘0’ and ‘1” for Non-volatile RAM operation in accordance with the fifth embodiment of this

invention.

Fig. 8A is a cross section of the triple polysilicon split gate EEPROM cell
with a vertical (step) long channel for ﬂoéting gate, in accordance with the sixth embodiment
of this invention wherein channel hot electrons are injected straight in the direction of the
moving electrons from source, into the floating gate through the vertical channel oxide.
Electrons on the floating gate are removed by tunneling from the floating gate to the drain

diffusion or from the floating gate to the select gate.



Fig.- lAi-s a cross section of the stack EPROM prior art cell which prograns
by injecting channel hot electrons into the floating gate.

- 17 - Fig. 1B is a cross section of the split EPROM pri or
art cell which prograns by injecting channel hot electrons into the
floating gate. Fig. 2 is a cross section of the stack

EPROM prior art cell which is used to pl ain ' Lucky-El ectron Mdel' of
i njecting channel hot electrons into tﬁ?ifl'oati ng gate.

Fig. 3Ais a cross section of the stack EEPROM prior art cell which erases
by tunneling of electrons fromthe floating gate to the source diffusion.

Fig. 8B is a cross section of the triple polysilicon split gate EEPROM cell
with a vertical channel for normal gate, which is a variation of transistor Fig. 84, in
accordance with the sixth embodiment of this invention wherein channel hot electrons are
injected straight in the direction of the moving electrons from source, into the floating gate
through the horizontal channel oxide. Electrons on the floating gate are removed by

tunneling from the floating gate to the drain diffusion.

Figs. 9A and 9B are cross-sections of the forming step channel with a self
aligned drain n-diffusion during key stages in manufacturing process example in accordance

with the seventh embodiment of this invention.

Figs. 9C and 9D are cross-sections of the forming stack gate cell of Fig. 4A,

Fig. SA and Fig. 6A during various stages of the manufacturing process.

Fig. 10A through 10C are cross-sections of the forming split gate cell of Fig.

4B, and Fig. 6B during various stages of the manufacturing process.



Fig.-3Bis a cross section of the flash EEPROM prior art cell with triple
pol ysilicon which erases by tunneling fromthe floating gate to an erase
gat e. , Fig. 4Ais a cross section of the stack gate
EEPROM cell with a step channel/drain structure, in accordance with the
first enbodiment of this invention wherein channel hot electrons are
injected straight in the direction of the ?”z')\ii ng el ectrons, into the
floating gate through the side wall channel” oxide. In the third enbodi nent
of this invention, electrons on the floating gate are renoved by tunneling

fromthe floating el 1A0thedighsIiErare drasb-sectiont dafinpthe formation of the split gate
- 18 - Fig. 4B i1s a cross section of the split gate EEPROM
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invention, electrons on the floating gate are renoved by tunneling from
t he fl oat-i Mg’ gdiFég. t1¢H: he step

Fig. 11H is a top view of the split gate with the step injection channel.

Figs. 12A through 12C are cross-sections during the formation of the split gate
of Fig. 6C, during various stages in the manufacturing process, in which the horizontal

floating channel is less than 100nm.

Figs. 13A through 13G are cross-sections of transistor 600d and transistor
600e, during various stages of the manufacturing process. Fig. 13G is a crosssectional view

taken along the line 13G - 13G’ of Fig. 13H.

Fig. 13H is a top view of transistor 600d in a memory array, after completion

of process.



drain diffusion. Fig. 4Cis an illustration of the angle
neasurenment of the step, which is neasured fromthe channel silicon
surface and is appropriately larger than 30 degrees, due to density

consi derati ons. Fig. 5Ais a cross section of the single
polysilicon EPROM cell with a step channel/drain structure in accordance
w th the second enbodi nent of this invention wherein channel hot el ectrons
are injected straight in the direction ef2xke noving el ectrons, into the
floating gate through the side wall channel oxide. Fi g.
5B is a cross section of a capacjtor wherein the polysilicon gate is

el ectrically connecDESCRIPTION OPTHEPREFERREY ENMBODIMENTISe EPROM cel |
in Fig. SA providing control/select gate function.

- 19 -
EPROM N-CHANNEL TRANSISTOR WITH STEP

INJECTION CHANNEL AT DRAIN EDGE

Figs. 4A and 4B show cross-sectional views of a step injection channel
transistor in accordance with this first embodiment of this invention. Tra.nsistc;r 400a in Fig.
4A has a p-type silicon substrate 401 (which can alternatively be a p-type epitaxial layer
grown on top of a p+ doped silicon substrate), N+ source diffusion 404, a horizontal channel
region of 410, a step channel 413, a drain diffusion 406, a control gate 445, and a floating
gate 440 which uniformly covers both the horizontal and step channel. The floating gate is
dielectrically isolated from the surface of the silicon substrate by dielectric film 420, which
is thermally grown dioxide. Control gate 445 is capacitively coupled to floating gate 440
through dielectric film 430, which can either be thermally grown silicon dioxide or a
combination of thin layers of silicon dioxide and silicon nitride. P-type 401 is typically
doped'in the range of between about 1E16cm-3 t'o SE17c¢m-3, dielectric film 420 is typically
5 to 10 nanometers thick, floating gate 440 is usually a heavily N+ doped film of polysilicon
of a thickness which can be as low as 100nm or as high as 300nm. Control gate 445 is either
a heavily N+ doped film of polysilicon or a low resistivity interconnect material like silicide,
or another refractory material. Passivation is shown by layer 900 which can be composed of
known dielectrics such as silicon oxide, silicon nitride, silicon oxynitride or combinations

thereof. N+ source diffusion 404 is formed by ion implantation of Arsenic, Phosphorus, or



Fig.. 5Cis a cross section of the EPROM nenory cell wherein the EPROM
transistor 500a in Fig. 5SAis in series to a normal FET transistor
500cwhi ch provides the select function of nenory transistor.

Fig. 6Ais a cross section of the stack gate EEPROM cell with a step
channel /| arge overl apped drain structure designed for another feature of
tunnel erase, in accordance wth the four h enbodi nent of this invention
wherein electrons on the floating gate ar “renoved by tunneling fromthe
floating gate to the control gate, in.addition to the. feature of first

enmbodi mentihiomst N drhin 4001 frinet b9 thecdagedt ionMimplant tateridd, bae sélBaligfedrtoviepg
via step channel oxide. Fig. 6B is a cross section of

the splitg eSIQEggﬁgﬁmeh{amg@ BhfiRion SR er{d'ﬁfo%o?afﬁrahageﬁsxgw r

structure ano ure o erase, In accor

the fourth enbodi nent of this invention wherei n el ectrons on the floati ng
gate are noved by tunneling fromthe floating gate to the control gate.
Also this transistor is operated as a Nonvol atile RAM by proper designs
and conditions which is the fifth enbodinent of this invention.

The angle of the step meaﬁured from the horizontal plane of the original
silicon surface as illustrated in Fig. 4C , is not critical as long as a reasonable area of more
than 20 nm in vertical depth is exposed for injection. If the angle is too small , the length of
step channel region gets too long, which is a density penalty. Therefore it is reasonable that
the step angle will be greater than 30 degrees. The depth of this step 413 is at least 20 nm or
larger. The purpose of the step 413 is to inject hot electrons more efficiently onto floating

gate 440,

When a proper voltage level is applied to control gate 445, the floating gate
potential which is capacitively coupled to the control gate becomes higher than the threshold
voltage in the horizontal channel region 410 and electrons are supplied into channel from
source junction 404. The electrons are then accelerated by the horizontal drain field, as in a
MOSFET transistor, when the drain diffusion 406 is biased with a positive voltage. Electrons
flow near the silicon surface within an inversion layer of horizontal channel region 410
(typically within 10 nm). If the N-drain covers the corner of channel 415 with proper doping
concentration(typically in the order of 1E18 per cm-3), maximum electric field can be

created near the corner 415, along the side channel 413, which becomes the injection point



- 20 - . Fig. 6Cis a cross section of another split gate
EEPROM cel | structure with a step channel, which is a variation of, and
operates with identical functionality to, the transistor 600b in Fig. 6B.
Figs. 6D and 6E are variations of the double polysilicon split gate
transistor of Fig. 6B with the step channel. Fig. 7Ais a
sinplified capacitance nodel for the traggi stors in Figs. 6A, 6B, 6C, 6D
,6E to explain the operation of poly tunfiel” erase EEPROM and Non-vol atil e
RAM Fig. 7B contains Table which shows exanpl e voltage

condi ti obecdu@E thefdlédtrdals realh nddkinush spedl aliahie wInddnithe® ORI edestrons 4l ¢lose
accordance with the fifth enbodiment of this invention.
Fig. 8A s hériZona > Wher the> ne(r)gfy ltewr/]e otfréle%trgnso goali & 1'|nI e axasnﬁl:l' t}a:gs&% isl‘:hEigP er cell
than the barrier height (3eV for silicon dioxide) and the floating gate potential is higher than
the potential at the corner 415, the high energy electrons penetrate straight into the floating
gate. In contrast, prior art relied on the indirect process of electron scattering by phonon and
the 90 degree upward redirection of motion to the floating gate without suffering energy loss
in conventional CHE EPROM. Thus the configuration of this invention’s step structure

enhances the efficiency of electron injection from the channel to the floating gate by many

orders magnitude.

When the floating g;te voltage due to storing electrons becomes lower than
the threshold voltage, channel current is shut off. During read mode, in order to avoid
possible injection onto the floating gate due to a voltage surge on the drain from power noise,
it is preferable to switch the drain and the source, namely to use the step side as the source
and the other terminal as the drain. To summarize the conditions to achieve high injection

efficiency at low voltage in Channel Hot Electron Program using step drain/channel EPROM

transistor:

Structural conditions:
(1) The step depth should be at least 20 nm or larger and the angle from the

horizontal channel plane is preferable larger than 30 degrees.



with a vertical (step) long channel for floating gate, in accordance with
the sixth enbodinent of this invention wherein channel hot electrons are
injected straight in the direction of the noving electrons from source,

into the floating gate through the vertical channel oxide. Electrons on

the floating gate are renoved by tunneling fromthe floating gate to the
drain diffusion or fromthe floating gage.to the select gate.

- 21 - Fig. 8Bis a cross section of the triple

polysilicon split gate EEPROMcell . with a rtical channel f noy mal
gate, which i Zz)a{hféﬁ?‘é‘tl%ﬁl%‘fedtg? QFst?rétt%FXtﬁi‘%&’ %ﬁggwe SUO6h &&ﬁ@’g Ri\iyf’ﬁ t he
si xth enbodi nent of this invention wherein channel hot electrons are

i nj ect ed steprchagyiel achievdsdigh ingaetionpffufienclie novi ng el ectrons from source,
into the floating gate through the horizontal channel oxide. Electrons on

the floating gate are renoved by tunneling fromthe floating gate to the
drain diffusion.

Operational conditions:

(1) The potential (referenced to source junction) at the injection point of channel

corner at step should be higher than 2.5~ 3.0V,

(2) The floating gate potential should be at least greater than the potential at the

injection point corner.

Compared to prior art EPROM, the present invention of EPROM structure has
a high efficiency injection of hot electrons onto the floating gate, obtained by a drain voltage
of around 3V, which is significantly lower than the 5V required for the low injection
efficiency of prior art EPROM cells. Therefore the control gate voltage required for the
present invention EPROM cell is proportionally reduced from 9v to 5v. High injection at

lower voltage eliminates all the disadvantages listed in the section, “Description of Prior

Art”.

The drain voltage of the present invention can be as low as the theoretical limit of
2.5~3.0V which is almost half of the prior art EPROM requirement, since enough hot

electron emission is already achieved by the high injection efficiency.



Figs: 9A and 9B are cross-sections of the formng step channel with a self
aligned drain n-diffusion during key stages in manufacturing process
exanple in accordance wth the seventh enbodi nent of this invention.
Figs. 9C and 9D are cross-sections of the formng stack gate cell of Fig.
4A, Fig. 5A and Fig. 6A during various stages of the manufacturing
process. Fig. 10A through 10C are cross-sections of the
formng split gate cell of Fig. 4B, and Fig. 6B during various stages of
t he manuf acturing process.
- 22 - Fig. 11A through *1& are cross-sections during the
formation of the split gate of Fig. 6C, during various stages in the
manuf act uri ng process, in which the horjzontal floatin annel is at
| east 150MmcoRiTgl voltags fos the presrss avenbomIs Oéﬁﬂlﬂf‘&réé}ﬁt’%ﬂr%gﬁﬁgﬁe the rrdugticn
-11G of Fig. 11H .
of drain voltage, which is almost halved.

The program time to store a target level of injection electrons onto the floating gate
can be reduced, due to high injection efficiency by the present invention.

Multi-level storage on the floating gate becomes easier since the program time to
achieve the target level set by the control gate voltage is shorter.

Reliability and Endurance of the memory cell are enhanced as electric fields do not
have to be as high as they did to write hot electrons in prior art EPROM cells.

The oxide thickness and the channel length of high voltage periphery circuits can be
significantly reduced due to the reduced voltage requirement for the control gate.

The power consumption during programming is improved by many orders of
magnitude, due to high injection efficiency and lower voltage operation, a very attractive

feature in portable operation.

SINGLE POLYSILICON N-CHANNEL EPROM TRANSISTOR WITH

STEP CHANNEL/DRAIN AND THE OPERATION

Utilizing the prime objective of this invention of a step injection
channel/drain, a single polysilicon n-channel EPROM cell distinguished from prior art by

low voltage programmability is achieved. Low voltage operation of less than 5V is atiractive



Fig. 11His a top view of the split gate with the step injection channel.
Figs. 12A through 12C are cross-sections during the formation of the split
gate of Fig. 6C, during various stages in the nmanufacturing process, in
whi ch the horizontal floating channel is |less than 100m.

Figs. 13A through 13G are cross-sections of transistor 600d and transistor
600e, during various stages of the manufacturing process. Fig. 13Gis a
crosssectional view taken along thedRée-13G - 13 G of Fig. 13H

Fig. 13His a top view of transistor 600d in a nenory array, after

_corzrgl et | 08incOiheir85&SSS needed for high voltage devices with thick oxide and drain engineering
can be eliminated. Figs. 54, 5B and 5C presents cross-sectional views of a single
polysilicon n-channel EPROM transistor in accordance with a second embodiment of this
invention. The transistor is a modification of transistor 400a, in which the second
polysilicon has been eliminated, and the dimension of the gate overlapping the drain Ln
region has been adjusted. Transistor 500a has p-type substrate 501, N+ source diffusion
504, a channel regidn of horizontal 510, step 513, N-drain diffusion 502, N+ drain 506, and a
floating gate 540 which uniformly covers both the horizontal and step channels. Floating
gate 540 is dielectrically isolated from the surface of the silicon substrate by dielectric film
520, which is thermally grown dioxide. The passivation layer 900 is the same as mentioned
during the first embodiment. For enhanced devices, p-type 501 is typically doped in the
range of 1E16cm-3 to SE17cm-3. The dielectric film 520 is typically 5 to 10 nanometers
thick, and the floating gate 540 is usually a heavily N+ doped film of polysilicon with a
thickness range of 100nm to 400nm. N+ source diffusion 504 is formed by ion implantation
of Arsenic, Phosphorus, or Antimony. N drain 502 is formed by the same implant material,
but self-aligned to the step channel edge 513 immediately after formation of the step, and
prior to formation of oxide layer 520. The concentration of 502 under the floating gate
region is in the range of 1IE18 ~ 5Ei9cm-3, slightly lower than diffusion junction 504/506’s

concentration, which is greater than 5E20 cm-3. The angle of the step, measured from the

horizontal plane, is preferable larger than 30 degrees. The depth of step 513 is 30nm or



DESCRI PTI.ON OF THE PREFERRED EMBODI MENTS EPROM N- CHANNEL
TRANSI STOR W TH STEP | NJECTI ON CHANNEL AT DRAI N EDGE
Figs. 4A and 4B show cross-sectional views of a step injection channel
transistor in accordance with this first enbodi nent of this invention.
Transi stor 400a in Fig. 4A has a p-type silicon substrate 401 (which can
alternatively be a p-type epitaxial Iaygg grown on top of a p+ doped
silicon substrate), N+ source diffusion®“404, a horizontal channel region
of 410, a step channel 413, a drain diffusion 406, a control gate 445, and

a floati norgafie AdtPosatdif 6lep B fiotonhiectivtelertront motdefofenily ontoefloing pateep
channel. The floatihg gate is dielectrically isolated fromthe surface of

the silic supstrate dielectejge film420, which is thermally grown

di oxi de. gg‘ht#@]e caggeé oggtgplc arglgégjcﬁﬁt ively coupled to floating gate 440

t hrough dielectric film 430, which can either be thermally grown silicon
di oxide or a conbination of thin layers of silicon dioxide and silicon
nitride. P-type 401 is typically doped in the range of between about
1E16cm 3 to 5E17cm 3, dielectric film420 is typically 5 to 10 nanoneters
thi ck, floating gat&hé4togramuesnditioys of diemnon iyjebtiomogte dlohtihgrgate apeothy Sahé con
of a thickness which can be as | ow as 100nm or as high as 300nm Contr ol

gate 445 hSd@cHBE in the RRR¥inbYditent OTPRNINCCRAnnR P15 térGRfth QEp BhardY at
resistivity interconnect material like silicide, or another refractory

el ect i SERTRE" 0T ne PaHEA Bhe BeRpn BnE P £ AP 0Y B B Rofing, o7 "

combi nati EQ@ potential 2.5V~3.0V is higher than the voltage at the injection point. The first condition
(1) is easily achieved by applying a drain voltage greater than 3V. The second condition in
which the floating gate potential must be greater than 2.5V~3.0V, can be obtained by two
approaches. The first approach specifies that the length of Ln (502) be slightly longer than
the horizontal channel region length (510), which increases the drain-to-floating gate
coupling ca}.)acitance. In this case, when 5V is applied to the drain 506, the floating gate
voltage reaches 2.5V~3.0V. It is also helpful to offset the junction edge of 502 from the
injection point 515 to bottom step corner, so that the potential at the injection point stays.
about 3V, The second approach forms coupling capacitance 500b outside of the EPROM
transistor as shown in Fig. SA with the gate of capacitor 541 being the same polysilicon as
floating gate 540 and connected electrically each other. In the second approach, the Ln
length can be minimal, since ’tﬁe floating gate voltage is rasied by coupling from the external
capacitor. The area of coupling capacitance-is designed to be slightly larger than the

EPROM transistor gate area, to achieve a coupling ratio of 0.6. Thus when 5V is applied to

the diffusion of the capacitor junction 556, the floating gate potential becomes ~3V coupled



t hereof . N+ source diffusion 404 Is formed by ion inplantation of Arsenic,
RPhosphorus, or -
24 - Antinony. N+ drain 402 is forned by the sane ion inplant material,

but self-aligned to step 'channel edge 413, imrediately after formation of

step and prior to formati on of oxide |ayer 420. The
angl e of the step neasured fromthe hori zog{) pl ane of the original
silicon surface as illustrated in Fig. 4C, °Fs not critical as long as a

reasonabl e area of nmore than 20 nmin vertical depth is exposed for

i nj ecti ofhrohigh ﬁl'é(%a{;\dtﬁltb? Ofcd %ﬁtﬁtﬁis'(l) arld(2) Are mgsththefchasiet hotodleutrugk areegi on
gets too long, which is a denS|ty penal ty. Therefore It Is reasonabl e that

o ar | oatiaguind e LRl oh U i Wt@&epreﬁ&%ct?i ERRREL hot

el ectrons nore efficiently onto floating gate 440.
phonon scattering of very low injection efficieéncy.

In the second approach, the external capacitor acts in the same function on the
control gate in the double polysilicon EEPROM memory cell. In the first approach; the
transistor has a function of storage but it does not have a function of select. Therefore, in
order to use this device as an EPROM memory cell, a conventional n-chennel FET device
500c is added in series to this single EPROM transistor 500a as shown in Fig. SA. The gate
of the conventional FET transistor 500c provides the select function (control gate) to access
the information on the storage transistor 500a. In this approach, the storage EPROM
transistor is normally ‘on’ (depletion device by implanting the channel region 510 with
Arsenic or phosphorus, concentration of S5E16 to SE17/cm3). Aﬁer storing injected

electrons, the threshold voltage is increased and the ‘off” condition is obtained.

Utilizing the prime objective of this invention of a step injection
channel/drain, a single polysilicon n-channel EPROM cell distinguished from prior art by a
step injection chanﬁel, provides low voltage programming as low as 5V. The advantages
obtained from this single poly EPROM are (i) the elimination of the double polysilicon
requirement, (ii) the elimination of high voltage d'evices (iif) EPROM compatibility with

Logic or DRAM due to process simplification from this elimination of double polysilicon



When-a proper voltage level is applied to control gate 445, the floating
gate potential which is capacitively coupled to the control gate becones
hi gher than the threshold voltage in the horizontal channel region 410 and
el ectrons are supplied into channel from source junction 404. The

el ectrons are then accelerated by the horizontal drain field, as in a
MOSFET transi stor, when the drain diffushon 406 is biased with a positive
voltage. Electrons flow near the silicon surface within an inversion |ayer
of horizontal channel region 410 (typically within 10 nm. If the N-drain
covers the corner of channel 415w th proper doping

t
coneent gy ARG o it oA Mo FPROM e
which b th
e A e B3 AR it of

electrons is still close to horizontal. Wen the energy | evel of electrons
gained in the channel transport is higher than the barrier height (3eV for
silicon dioxide) and the floating gate potential is higher than the

pot enti al ERECHRGCAL ERASE By TURNENL G FR@MFL@L@IN@GMEGP@M@F@S%NW ht

into the floating gate. In contrast, prior art relied on the iIndirect

DL o B PR R B R et S RN PRATR, Ther gy 1 0ss

In the double polysilicon EEPROM, erase accomplished by electron tunneling
from the floating gate to diffusion, and a new feature of erase and program at the same step
dmmdﬂmmmﬁammwmmﬁm@ufmsmmemTmm@m4mamﬁg4&ba
modification of the double polysilicon EEPROM transistor 300a in Fig. 3A, in which the
drain junction is replaced by a step channel/drain, and the depth of source junction 404 is
reduced. The source junction depth c;:m be reduced because erase is done at the side of the
step channel/drain instead of the source side. The step junction is also already equipped with
a lightly doped junction for an improved‘ ability to withstand 10-12V before breakdown.
Transistor 4000 in Fig. 4B is a split gate version of EEPROM which uses the tunnel erase to
diffusion, something that could not be achieved in prior art. In prior art, tunnel erase to
diffusion wasn’t possible because erase and program must b;e done at the same junction, and
the requirements for both operations were not compatible. Both transistors 400a and 400b
consist of a p-type_silicon substrate 401, N+ source diffusion 404, a channel region of

h_orizontal 410 of which conductivity is controlled by floating gate 440, a control gate 445, a

step 413, a N-drain diffusion 404, N+ drain diffusion, a floating gate 440

uniformly covering



I n conventional CHE EPROM Thus the configuration of this invention's step
structure enhances the efficiency of electron injection fromthe channel
to the floating gate by many orders nagnitude. When t he
floating gate voltage due to storing el ectrons beconmes |ower than the

t hreshol d vol tage, channel current is shut off. During read node, in order
to avoid possible injection onto the floating gate due to a voltage surge
on the drain frompower noise, it is prgherable to switch the drain and
the source, nanmely to use the step side as the source and the other

term nal bath thh@oflEaiil andQepwiaRAdIZd D OnG@NPatk 4apSSHIR paRMOBB R hABXIra
injection efficiency at |ow voltage in Channel Hot® El"ectron Program usi ng

The st ep TR ALTTF BE cabRBTLT oBlyhich s PoriliSlsobbPia e A b srignoithe

hori zontal channel plane is preferable |arger than 30 degrees.
- 26 - asection of channel 410. The floating gate is dielectrically isolated from the surface of the

silicon substrate by dielectric film 420, which is thermally grown dioxide. Control gate 445
is capacitively coupled to floating gate 440 through dielectric film 430, which can be either
thermally grown silicon dioxide or a combination of thin layers of silicon dioxide and silicon
nitride. P-type 401 is typically doped in the range of IE16cm-3 to 5E17cm-3, dielectric film
420 is typically 5 to 10 nanometers thick, floating gate 440 is usually a heavily N+ doped
film of polysilicon, the thickness of which can be as low as 100nm or as high as 300nm.
Control gate 445 is either a heavily N+ doped film of polysilicon, low resistivity interconnect
material like silicide, or a refractory material. N+ diffusions 404 and 406 are formed by ion
implantation of Arsenic, Phosphorus, or Antimony. N-drain 402 is formed by the same ion
implant material, but self aligned to step channel edge 413, immediately after formation of
the step, and prior to formation of oxide layer 420, The N-junction 402 for 10V erase is
typically doped in the range of 1E17 to 1E18 cm-3 and its depth is chosen to be 250 to

300nm, which is slightly deeper than the source junction of 150 to 200 nm.

Explanation and requirements for programming are identical to those
provided in the section of I. a., “EPROM n-channel transistor with step channel at drain

edge”. The angle of the step measured from the horizontal plane is generally greater than 30



(2) -The drain junction edge prefers to extend to the channel corner, but
the p-type step channel achieves high injection efficiency.

Qper ati onal conditions: (1) The potential (referenced to source
junction) at the injection point of channel corner at step should be

hi gher than 2.5~ 3.0V. (2) The floating gate potential should be at
| east greater than the potential at the - 33 - injection point corner.

Conpared to prior art EPROM the present invention of EPROM structure has
hi ah ef fici ar : ¢ : S
a high e (%.I de§Fhe deﬂhﬁﬁtgfégte%oqtl@qg aﬂk%&‘iggﬂﬂ?m'[?lg?ﬂlrﬁdg@ of Heakd 391§ttf'bndveecrt

obt ai ned a draintv aroun s significantly

than the 5V required faor the | ow jnjectio efficiency_.of prior EPROM
cell's. THiRtelGHan mareaReialy GuodIRHRE RS HQaLbEGOTIEG Dt Hee Chasmieb Bl

i nventi on EPROM cell is proportionally reduced from9v to 5v. High
injection at lower voltage elimnates all the disadvantages listed in the
section, "Description of Prior Art". The drain voltage of the
present invention can be as |low as the theoretical limt of

The erase operation is basically the same as explained for transistor 300a,
which is the most commonly used transistor in industry practice. Assuming a tunnel oﬁde :
410 of 9 nm, an ONO of 20nm and a coupling ratio of 0.55, when ~10V'is applied to the
drain junction and OV is applied to the control gate in either transistor 400a and 400b, the
electric field across the o;_u'de 422 exceeds the critical value of F-N tunneling, which is ~10
MV/em. Electrons stored on the floating gate are then released to drain junction by F-N
tunneling, which is implemented at the source side in transistor 300a, but at the drain side in
this step channel/drain transistor. Since this approach requires high voltage on the drain
junction, the drain junction is susceptible to the avalanche breakdown. In order to protect
against breakdown during erase, the N-junction 402 is lightly doped and deeper than source
junction 404. Thus, by following these design contraints, the invention of an operation of
program and erase using the same step channel/drain junction is achieved. Also a split gate
structure as well as a stack gate structure is able to be implemented with a double

polysilicon EEPROM transistor by this invention.

ELECTRICAL ERASE BY TUNNELING FROM FLOATING GATE TO CONTROL

GATE IN DOUBLE POLYSILICON EEPROM WITH STEP CHANNEL



2.5~3.0V which is alnost half of the prior art EPROMrequirenent, since
enough hot electron emssion is already achieved by the high injection

ef ficiency. -27-
The control voltage for the present invention is also reduced
proportionally to the reduction of drain voltage, which is al nost hal ved.
The programtine to store a target |evel of injection electrons onto the
floating gate can be reduced, due to th§4injection ef ficiency by the

present invention. Mul ti-level storage on the floating gate becones
easier since the programtine to ! achieve the target |evel set by the
control gate voltage is shorter. Reliability and Endurance of the

menory cell are enhanced as electric fields do not have to be as high as
they did to wite Hatthetxpidnatios of prigrarteleatron ERROMI feoint 8 floating gate toTothenxi de
t hi ckness and the channel |ength of high voltage periphery circuits can be

o R S S RIS TSI SRl
\?)cl)l trrggyé 8{5) es&l?qo%iﬁeﬂg%s%i} éxlégg?pgg%g i ; ge 'Q}iagng?ad itcp | eccc;[oing'gl Eétéio |st§&c & s%%g gétgmer
transistors, the voltage induced on the floating gate was in prior art, designed to be more
than half of the control gate voltage. Since the bottom tunnel oxide thickness is less than
half of the above dielectric NO, the electric field across the bottom tunnel oxide is actually
more than four times greater than that for the above NO, which means the tunnel starts first
upward at the bottom oxide and programming instead of erasing occurs. Therefore, a third
polysilicon was introduced specifically to erase by tunneling between a floating gate and the
third erase gate. However, when the step channel/drain transistor of this invention is used, an
appropriate NO thickness and an appropriate LNG length for the floating gate over step

diffusion is chosen, tunnel erase from floating gate to control gate is safely achievable for the

double polysilicon EEPROM with step channel.

Another new feature of erase operation from the floating gate to the control
gate in a double polysilicon EEPROM transistor with step channel/drain is a fourth
embodiment of this invention. In double polysilicon EEPROM transistors 600a and 600b,

requirements of electrical erase and program are (i) tunnel gate oxide 620 is in the range of 5

to 10 nm (ii) dielectric 630 such as ONO or nitrided oxide is about equal to or thicker than



feature in portabl e operation. SI NGLE POLYSI LI CON

N CHANNEL EPROM TRANSI STOR W TH STEP CHANNEL/ DRAI N AND THE
OPERATI ON Utilizing the prime objective of this invention of
a step injection channel/drain, a single polysilicon n-channel EPROM cel
di stinguished fromprior art by |ow voltage progranmability is achieved.
Low vol tage operation of less than 5V is attractive

- 28 - since the processes needed for hifgfi_voltage devices with thick
oxi de and drain engineering can be elimnated. Figs. 5A 5B and 5C
presents cross-sectional views of a single polysilicon n-channel EPROM

t r ansi st otunnal addegtytrcadly 8ot I mnéad(iﬁ&itfgribmmﬁ hanteltregien 61 herdhoveslap The
transistor is a nodification of transistor 400a, in which the second

pol ysi | i cqprridsh DE6H Sbirdidhdi 8d.sa@Bd the di mension of the gate overl apping
the drain Ln re%?on ﬁgs b%l?n adjusted. Transi stor 500a has p-type

substrate 501, N+ source diffusion

Typical critical electric fields for tunneling from polysilicon to polysilicon
through ONO, which is a thermal oxide over polysilicon or CVD deposited oxide/nitride, are
reported to be about 6 MV/cm (lower when compared to the electric field for a thermally
grown substrate oxide of 10 MV/cm in E. Harari and F. Masuoka). Therefore, the electric
field across dielectric 630 must be more than 6 MV/cm for tunnel erase from the floating
gate to the control gate. On the otherhand, the electric field across the ONO :iu;ing channel
hot electron injection must be maintained to be less than 3 MV/cm, considering process
noise margins and residual charge. In transistors 600a and 600D, operation and design of the
double polysilicon EEPROM are illustrated using a simple model. A simplified capacitance
mode] for transistors 600a and 600b is provided in Fig. 7A. The capacitor Ccg-fg is the
capacitance between the control gate 645 and the floating gate 640. Cfg-Ln is the
capacitance between floating gate 640 and the underneath n-diffusion region 602. Cfg-ch is
the capacitance between the floating gate 640 and the channel region 610 (in more accurate
predictions, source to floating gate overlap capacitance in Cfg-ch also needs to be included
for the stack gate cell). Here all three capacitances are chosen to be equal, which makes the
explanation easier, but the assumption is also practical and reasonable. When a voltage is |
applied to any terminal node, one third of the voltage is induced onto the floating gate node

by capacitive coupliag-and the induced voltage is _sgpe;i_mposed. The program conditions of



504, -a channel region of horizontal 510, step 513, N-drain diffusion 502,
N+ drain 506, and a floating gate 540 which uniformy covers both the

hori zontal and step channels. Floating gate 540 is dielectrically isolated
fromthe surface of the silicon substrate by dielectric film 520, which is
thermal |y grown di oxi de. The passivation |ayer 900 is the same as nentioned
during the first enbodi ment. For enhanced ffevi ces, p-type 501 is typically
doped in the range of 1El16cm 3 to 5E17cm 3. The dielectric film520 is

typically 0 10 na h [0 n ually a
oot 1y NeeatsiR i dteR OO B Tioaliv Bl ot eRribe BARERIALE O (LT
400nm N+ source diffusion 504 is formed by ion |nplantat|on of Arsenic,
Phosphor udloating gate veitage > AV @ndi(2) the mjewm@tmwowhahé 38 OVivdpased on the
material, but self-aligned to the step channel edge 513 imredi ately after

for mati on agduniptionihARll thied ca%ﬁcht@ﬁce% ard ejuab(flat harinebiehgth + By wher @V ifhe
concentration of 502 under the floating gate region is in the range of 1E1

concent r at PR ieRontct B anl Yl bl 15 B g Whanf Peiliestiay dpe o

reasured 1Lom e, Nty sontel, pLang, |5 prcTerable 136t el S0, d5 e
- 29 - nore. The purpose of step 513 is to inject hot electrons nore

ef fi ci ent loxideraf® frh ead am@Nfao€11 nm. The potential across the ONO of 11 nm is 1.7V=5V-
3.3V, and the electrical field is 1.55 MV/cm (=1.7V/11 nm). Even if the control gate is SV
and the source/drain are grounded, the floating voltage is 1.7V, and the electric field across
the ONO is 3 MV/cm (=3.3V/11 nm). So during programming, the electric field across the
ONO i1s maintained less than 3 MV/cm, which is a design target. For the erase operation, the
control gate voltage is further increased while the source and drain are kept zero. When the
control gate voltage is raised to 10V, the induced floating gate voltage is 3.3V due to
capacitive coupling, and the voltage across the ONO is 6.7V=10V-3.3V. The electric field
across the ONO becomes 6 MV/ecm (=6.7V / 11 nm), which satisfies the target of electron
tunneling from floating gate polysilicon to control gate polysilicon. Thus 10V erase for poly
to poly tunneling as well as 5V programming for channel hot electron injection is achieved.
These voltage requirements for erase are almost the same voltage levels required in prior art

for a triple polysilicon EEPROM cell.

Transistors 600c, 600d, and 600e shown in Figs. 6C, 6B and 6C are variations

of the double poly split gate transistor 600b with the step channel. Programming and erase



604, ‘at the corner of step channel 515. The program
caonditions of electron injection onto floating gate are the sane as
described in the first enbodi nent, "EPROM N-channel transistor with step
channel at drain edge": (1) The potential at the injection point 515 >
2.5V~3.0V and (2) the floating gate potential 2.5V~3.0V is higher than the
voltage at the injection point. The first gpondition (1) is easily achieved
by applying a drain voltage greater than 3V. The second condition in which
t he fl oaty taethss : : e : Rl ned
by tvo - d8n b S ARLER AR (6 SR ectInRpdof e Shani e s PRYRRAS
(502) be sljght Ify | onger than__the horizontal ggllann | re 'hon Ien%th (510),
whi ch i n&reka&ed foneansisterR008. flihg dfansigiog sement gy 1 66%1&3 ¢PENEYS | nthis
case, when 5V is applied to the drain 506, the floating gate voltage
reaches 2xpMndti@Mor kansistonb@eb dirichire bnd funofibmsebresponduo ttei sameederpemiflatied
fromthe injection point 515 to bottom step corner, so that the potenti al
at the i nhegleitRRsiRRr Viristidd¥ S60020680d. 3Yd 6ddee second approach fornms coupling
capaci tance 500b outside of the’ EPROM transistor as shown in Fig. 5A with
the gate of capacitor 541 being the sanme polysilicon as floating gate 540
and connected electrically each other. In the second approach, the Ln
| ength can be minimal, since the floating gate voltage is rasied by
coupling fromthe external capacitor. The area of coupljng, capacitance is
desi gned to be sl i ghttq Joatmegatc eliransistos GOQPR@T{“?‘*&%F@tSW“@QtOZt% WAt gats,
achieve a coupling ratio of 0.6. Thus when 5V is applied to -

as shown in Fig. 6C. In 600c, the coupling capacitor is obtained through sidewall, between

the split gate and the floating gate. Also erase is performed by tunneling through the
sidewall. The ﬂoating gate in transistor 600d is recessed into the silicon surface. Transistor
600¢ has the recessed floating gate of transistor 600d, but the function of N+ drain 606 is
combined into the 602 region with a penalty of higher sheet resistance. This transistor 600e

can be used to build high density memory arrays, when placed in series.

The advantages obtained in electrically erasable and programmable read-only

memory transistors with step channel/drain using poly erase are summarized :

1) The present invention of double polysilicon EEPROM cells with step channel/drain
enables erase of polysilicon to polysilicon, as well as CHE programming capability using the
same control gate, compared to a triple polysilicon EEPROM in which the program control

gate and erase gate are separate. This split gate transistor achieves the advantages of shallow



the di'ffusion of the capacitor junction 556, the floating gate potenti al
becones ~3V coupl ed

- 30 - through the capacitor. Once conditions (1) and (2) are net, the
channel hot electrons are efficiently and directly injected onto the
floating gate without the redirected injection by phonon scattering of
very low injection efficiency. In the second approach,
the external capacitor acts in the sang PRinction on the control gate in

the doubl rﬁgéﬁ{ﬁnlajﬁ&ﬂo eﬁ%@ﬁ%&%&oﬁlﬁ}éé ?Qérzggfexf;?nn%ﬂtahﬁhn@?&fr?@%so fe

transi sto a function of stora ave a rtunction of
select. Theref.ore, in..order tq use this device as an, EPROM nenory cell, a
convent | oRGICHOR AEPAIRSIRIE syt o theesaysrs KNslayers FEBIFL HIEESE SRTALIgXIAY| e
EPROM transi stor 500a as shown in Fig. 5A. The gate of the conventional
FET transi,star. 500c. .pr.ovi he_sel ect function ontrol gat.e) to cess
Che. | nt o ALSISA TvigRe SOnBCater et dingy B0 s Uord o Rrds® opipbigteas Wb
storage EPROM transistor is normally 'on" (depletion device by inplanting
t he chann@rogragmare, theowoid ke laye of smald erase sughrasrhyis levelneambe ehthiped ufstead16

to 5E17/cnferr]). After storing injected
of the large block size erase in triple polysilicon EEPROM. Therefore, a small size of local

memory data can be erased instead of an unnecessarily large block, which used to waste the
limited program/erase cycles in an EEPROM’s lifetime. This local erase capability extends

the endurance of program/erase cycles.

NONVOLATILE RANDOM ACCESS MEMORY OPERATION IN DOUBLE

POLYSILICON SPLIT-GATE STRUCTURE

The prior art for flash EEPROM operation, program and erase were
implemented sequentially, because the program and erase operating conditions on a
terminals were incompatible. The program operation was first carried out over the whole
memory chip or a designated portion of the memory chip, then the whole portion was erased
to reprogram. EEPROM could not write “0"s and “1””s at different (bit) transistors for the

same connected and selected control gate(word line) at once, therefore EEPROM was not



el ectrons, the threshold voltage is increased and the 'off condition is
obt ai ned. Uilizing the prinme objective of this invention
of a step injection channel/drain, a single polysilicon n-channel EPROM
cell distinguished fromprior art by a step injection channel, provides

| ow vol tage programm ng as |ow as 5V. The advantages obtained fromthis
single poly EPROM are (i) the elimnation of the double polysilicon
requirement, (ii) the elimnation of highj4oltage devices (iii) EPROM
conpatibility with Logic or DRAM due to process sinplification fromthis

elimnati f ble polysilicon . .. €19 eamiianbls ..

S0 T R AR ik et Sk Erits 19 s ns 1 srnentialy Novichy saumbining low

i ntegration of EPROM onto a logic chip, as well as redundancy

per sonal i yeltagsrprogramephgemd pely és poly eaasbieatires inpthe doulle BORILICAL spIRAGE: BY
TUNNELI NG FROM FLOATI NG GATE TO DI FFUSI ON | N DOUBLE POLYSI LI CON EEPROM

W TH STEPt&irddbibhitseb Mhannel 600b, program and efast Bt Aaudat BRI siilel i@ i FRPROM

erase acconplished by el ectron tunneling
different transistor locations for the electrically connected control gate. Thus, the nature of

Random Access Memory which was lacking in EEPROM, is achieved by proper design and

operation of the split gate transistor with step channel.

Using the split gate transistor 600b which is the fourth embodiment, the
concept of operation and design as Random Access Memory s the fifth embodiment of this

invention.

The principles for the operation of program and erase are same as in the
previous section. Electrical erase is achieved by tunneling from the floating gate to the
control gate, and progfamming is achieved by straight injection through to the step channel.
In order to keep accuracy in the explanation, repeated descriptions of the transistor and the

same model are provided.

In double polysilicon EEPROM transistor 600b, requirements fof nonvolatile
operation are (i) tunnel gate oxide 620 thickness is in the range of 5 to 10 nm, (ii) dielectric

630 such as ONO or nitrided oxide is equal to or thicker than tunnel oxide thickness, which



‘fromthe floating gate to diffusion, and a new feature of erase and program
at the sane step drain-diffusion, is a third enbodi ment of this invention.
Transi stor 400a in Fig. 4A, is a nodification of the double polysilicon
EEPROM transi stor 300a in Fig. 3A, in which the drain junction is replaced -
by a step channel/drain, and the depth of source junction 404 is reduced.

The source junction depth can be reduced,because erase is done at the side

of the step channel/drain instead of the source side. The step junction is

al so al ready, equipped with . a lightly doped junction for an i nproved
abi ity tsdyicelhss nid mam\ﬁuﬁéh@ﬂ@gm @ﬁklwml]. regippniQiand dhe oneolpp idiffusion 4B

is a split gate version of EEPROM which uses the tunnel erase to

di f fusi 0£g§§9g§é%ag%ggﬁg coul d not be achieved in prior art. In prior art,

tunnel e n wasn't possi bl e because erase and program nust
be done at the sanme junction, and the requirenments for both operations
were not conpatible. Both transistors 400a and 400b consist of a p-type
silicon substrate 401, N+ source diffusion 404, a channel region of
hori zontal 410 of which conductivity is controlled by floating gate 440, a
control gate 445, &ypioaperiti@] ekcticdieldnfodininngkfrom pplysiliags topelysiligot f usi on,
a floating gate 440 wuniformy covering
- 32 - through ONO which is a thermal oxide over polysilicon or CVD deposited oxide/nitride are
reported about 6 MV/cm (lower than when compared to a thermally grown substrate oxide of
10 MV/cm in E. Harare and F. Mazurka). Therefore, the electric field across the dielectric
630 must be more than 6 MV/cm for tunnel erase from floating gate to control gate. On the
otherhand, the electric field across the ONO during Channel Hot Electron Injection must be
maintained to be less than 3 MV/cm, considering process noise margin and residual charge.
In double polyéilicon EEPROM transistor 600b, operation and design of non-volatile RAM
is illustrated using a simple model. A simplified capacitance model of transistor 600b is
- yvided in Fig. 7A. The capacitor Ccg-fg is the capacitance between the control gate 645
and the floating gate 640. Cfg-Ln is the capacitance between floating gate 640 and the
underneath n-diffusion region 602. Cfg-ch is the capacitance between floating gate 640 and
the channel region 610. Here all three capacitances are chosen to be equal, which makes the
explanation easier, but the assumption is provides a practical and reasonable operating point.

Depending on the choice of the power supply voltage and process parameters, more precise

optimization can be obtained by extending the concept utilizing more detailed modeling.



both the horizontal and step channel, and a control gate 445. Split gate
400b has an extra channel region 418 the conductivity of which is
controlled by control gate 445 in series with a section of channel 410.
The floating gate is dielectrically isolated fromthe surface of the
silicon substrate by dielectric film420, which is thermally grown di oxi de.
Control gate 445 is capacitively coupledsja floating gate 440 through
dielectric film430, which can be either thermally grown silicon dioxide
or a combination ofywhii vbeyRNsasfliedid hpprndinakistiz, eneithiid dfthavoltuge s de.
P-type 401 is typically doped in'the range of 1E16cm 3 to 5E17cm 3,
dielectri.c,film 420 _is.typical 5 to .10 naneneterns, thick, j.ng gate
440 is udbdyaey Oﬁt%‘gﬁﬁ(’?g‘/ng\(gatﬁ%gby (faip?'?fgi?ﬂ? c ?‘?gia fi@b%fld‘ﬁ‘?g ‘{oktﬁgiiﬁess of
whi ch can be as |ow as 100nm or as high as 300nm Control gate 445 is

ei t her a shpervpyseit The pexfrim lcondifiomrodfyedéditon drjectionenie theslloaying\gaterarerasonnect
material like silicide, or a refractory material. Nt diffusions 404 and 406

are for medéséribddUbové, 7] BB RSN viARR 3V ahl (iPNthe injectionrpohntpotaniniyl at
N-drain 402 is forrred”@by t he g%%re ion&@%i npl ant material, but self aligned

ori or o TarmaeT o it eiemeta, i cfaheFlon S Gt gl riste 4,

t ypi Ca”éiegfg%ed i.n the range of 1E17 to 1E18 cm 3 and its depth is chosen

to be 25 IBYBIERCA i ch is slightly deeper than the source junction of
150 to 200 nm Expl anati on and requirenents for
programm ng are identical to those provided in the section of |I. a

"EPROM n-channel transistor with step channel at drain edge". The éhgl e of
the step neasured fromthe horizontal plane is generally greater than 30

For an example in which the tunnel gate oxide is 8 nm, the ONO is 11 nm,
and write operating voltage conditions are met, the resulting floating gate potential and the
electric field across the ONO are summarized in the Table given in Fig. 7B for write “0”, “1”
and “no change”. Here the lowest voltage used is taken as the zero reference. The control
gate voltage is 5V when unselected and 10V when selected. The drain and source voltages

‘are Vs=5V and Vd=10V for write “0” (higher Vt by electron injection) and Vs=0 and Vd=0V
for write “1” (lower Vt by tunnel erase through ONO) and Vs=5V and Vd=5V for
unchanged. When 10V is applied to the control gate and drain node, the floating gate
voltage becomes 8.3V due to capacitive coupling, which satisfies the program conditions.
Then the potential across the ONO of 11nm is 1.7V=10V-8.3V, .and the electrical field is
1.55 MV/em (=1.7V/11 nm). Even in the extreme case in which the control gate is 10V and

the source/drain are 5V, the floating voltage is 6.7V, and the electrical field across the ONO

is 3 MV/cm (=3.3V/11 nm). So during programming, the electric field across the ONO will



- 33 - degrees. The depth of this step 613 is at |east 30 mm. The purpose
of the step 413 is to inject hot electrons nore efficiently onto floating
gate 440 at the corner of step channel 415. The erase
operation is basically the same as explained for transistor 300a, which is
the nost comonly used transistor in indystry practice. Assum ng a tunnel
oxide 410 of 9 nm an ONO of 20nm and a coupling ratio of 0.55, when ~ 10V

is applied,to the. drain junctio nd OV. |s a ied to the control gate.in
e thor ¢ a Bigiingsda ba e Ages VRAEn, ishine e St S Hob T T GierBrase
exceeds the critical value of F-N tunneling, which is ~10 M/ cm Electrons
stored on tdestdl gate volhggds keprae 10 Vichut thed wasedind drainarargduoet todlV .b¥hén iNe
tunneling, which is inplenmented at the source side in transistor 300a, but

at the dr aiiad@ea%ﬁp%gﬁk%ﬁms%ww {o%ﬁz&d&i&é@dﬁiuﬁg,oehg 1B V6% .{ﬁgoéﬁ the.

approach requires voltage on'the drai j unctron; e drai ]

IS suscepti 1 he avﬂalﬂancl’ga reakdown. | n or(g to protect against

br eakdown d@@n‘é%e-}r\é"s@,v‘t’ﬁé’ N qpﬁqﬁtpg%e%rqsg the ﬁh Decqsise § MNEra Y /tfan

source junction 404. Thus, by follow ng these design contraints, the

i nventi on ciMhnvhigesaisfiemthetarget for electron tunneling from the floating gate polysilicon to the
control gate polysilicon, and stored electrons on the floating gate are removed to the control
gate. The electric field across the ONO is always kept below 3 MV/cm except during erase,
which (s safe enough below the critical tunnel field of 6 MV/cm. When the control gate is
unselected Vig=5V, Vd=10V, Vs=3V, the floating gate is raised to 6.7V due to the coupling

from the drain to floating gate capacitance and the floating device may be turned on. This

can be protected against by placing a split gate 620 in series.

In accessing the control gate, a “0” or “1” can be written at any time by
choosing the appropriate voltages for the drain and source as long as the control gate is
selected and rajsed to 10V. The operation of writing “0’s and “1”s in random access
memory, namely, program and erase at the same time and at different transistor locations for
an electrically connected and selected control gate, is achieved by choosing proper voltages
on the drain and source in exactly the same manner that a bit line is selected in Random
Access Memory. Thus, non-volatile RAM capability, not achievable in prior art EEPROM, is

enabled in the present invention transistor for a split gate double polysilicon transistor.



program and erase using the same step channel/drain junction is achieved.
Al'so a split gate structure as well as a stack gate structure is able to
be inplenmented with a double polysilicon EEPROM transistor by this

i nventi on. ELECTRI CAL ERASE BY TUNNELI NG FROM FLOATI NG GATE TO CONTROL
GATE I N DOUBLE POLYSI LI CON EEPROM W TH STEP CHANNEL
- 34 - I'n the explanati,gn of prior art, electron renoval

froma floating gate to other polysilicon by tunneling required a triple
polysilicon structure. It was found that in a double polysilicon cell,
when hi gh voltages were applied to the control gate of stack or split gate

transistors, the voltgge jnduced on t fl oating. e i Jdor art,
desi gned to be nore eﬁﬁi"ﬂ&%esd’lbwtlw"é{] %’Bﬂ?‘?’ﬁﬁw’bgftg%%ﬁj‘\?l\‘g’z%P%hﬁ%n ﬂﬁg gate
bottom tunnel oxide thickness is less than half of the above dielectric
NO, the el deansistorfwithl sterachannel/diain retsummarigediel oxide is actually nore
than four tinmes greater than that for the above NO which neans the tunnel

tarts first t tt i.d hd ' [ d of '
2C2LI‘ 2 _ 1I'[12r eﬁgfl\é\g{vgiugi]bi,t g}? bpc%rog?g]moa)ﬁld C?&Sg can 8(2 8 rrfgr%gdr{%' rlle% tb%\.sais, gheneéa%: }Sng

required to be altered, instead of the large block size erase in prior art triple polysilicon
EEPROM which wastes the Iimite;d program/erase cycles in an EEPROM lifetime. This
bit by bit write capability extends the endurance of program/erase cycles.

2) The present invention of the double polysilicon split cell with step channel/drain and
proper operation and design provides non-volatile RAM behavior. This present invention

will find much wider applications since it behaves like RAM but is also non-volatile.

TRIPLE POLYSILICON EEPROM WITH VERTICAL FLOATING GATE
CHANNEL

Another feature of this invention is the variation of EPROM transistors 800a
and 800b with step injection channel in accordance with the 'sixth-embodiment. Fig. 8A and
Fig. 8B presents a cross-sectional view of | a triple polysilicon EEPROM transistor with an
arbitrary vertical floating gate channel ih serie; to horizontal channel. Transistors 800a and
800D consist of p-type silicon substrate 801, N+ source diffusion 804, a channel region of
horizontal 818 whose conductivity is controlled by a third polysilicon for the select gate

(word line). The vertical channel 810 is controlled by floating gate 840 and control gate



pol ysilicon was introduced specifically to erase by tunneling between a
floating gate and the third erase gate. However, when the step

channel /drain transistor of this invention is used, an appropriate NO
t hi ckness and an appropriate LNG length for the floating gate over step
diffusion is chosen, tunnel erase fromflqgting gate to control gate is
safely achievable for the double polysilicon EEPROMw th step channel.

Controi s The Motk e 85T pO R Sy nrsslRl el AEE 4 BAPfuslcR 0B
channel /drain is a fourth enbodirnent of this invention. In double .
pol ysi | i cdottemrrche verticaliteenoh.s Tho flaatingizo Bisdieleetagally isaletedsram thermellyi cal

erase and programare (i) tunnel gate oxide 620 is in the range of 5 to 10

nm (ii) diﬁ%@ﬁ%ﬂﬂcén BRRIRW20. TontPsRE 895 1Y dapacitiony d8uplied BPAVLtiRpad 840 or
t hi cker than - 35 -

) ot e MEIALIR 0 BT SRR SO B8 080 0o
combination of thin layers of silicon dioxide and silicon nitride. P-type 801 is typically _
doped in the range of 1IE16cm-3 to SE17cm-3, vertical gate dielectric film 820 is typically 5
to 10 nanometers thick, the horizontal channel gate oxide is slightly thicker at 8 to 15 nm,
and floating gate 840 is usﬁally a heavily N+ doped film of polysilicon with a thickness that
can be as low as 100nm or as high as 300nm. Control gate 845 is a heavily N+ doped film of
polysilicon. The select gate 850 is polysilicon ora low resistivity interconnect material like

silicide, or a refractory material. N+ source diffusion 804 and is formed by ion implantation
of Arsenic, Phosphorus, or Antimony. N+ drain 806 is formed by the same ion implant
material, but self-aligned to the vertical channel edge 810, immediately after formation of
the step, and prior to deposition of floating gate polysilicon 840. When N+ junction 806 is
used for erase, the junction 806 is doped with phosphorus as well as Arsenic to increase
Junction depth for higher junction breakdown. When erase is performed by tunneling
between floating gate 840 and sélect gate 850, the drain junction depth can be a normal
Arsenic-doped junction. Here the channel electrons are supplied from N+ junction 304, but
the electrons can be inverted layers of channel electrons instead of N+ Jjunction as long as it

supplies electrons into the select gate channel.



Typical critical electric fields for tunneling frompolysilicon to
polysilicon through ONO, which is a thermal oxide over polysilicon or CVD
deposited oxide/nitride, are reported to be about 6 MV/ cm (| ower when
conpared to the electric field for a thermally grown substrate oxide of 10
M/cmin E. Harari and F. Masuoka). Therefore, the electric field across
dielectric 630 nust be nore than 6 MW/ cmfor tunnel erase fromthe floating
gate to the control gate. On the otherha#d,-the electric field across the
ONO during channel hot electron injection nmust be naintained to be |ess
than 3 M/ cm considering process, noise nargins and residual charge. In

transistors 600%AG AR voRREY maqg\ aﬁ{ﬂﬂadd@ %bﬁt'i'olqiaté skes tgofiddt R g pate/SotedtHON

EEPRC]\/Iarelllustrated u5|nga3|npe nodel . A sinplif i ed capaci tance
nodel for t or
Cog-tg ts PREREAERANY uﬁ*’e‘? % kol b Bt ok e SREBRERTIE
gat e 640. Ln js the etween fl oating gate 640 and the
under neat h“ht%ﬂ VeRtigel %mi“’éé‘? ‘Pfl @cgﬁmi gart flowing, Hry SOURE SULIORSIA 10 he

floating gate 640 and the channel region 610 (in nore accurate
pr edi ct i ondrairspmctien 8@6, iff sokect geje §50 & alscemaised higheatianahe threshold witape.alThe®
needs to be included for the stack gate cell). Here all three capacitances

are chosenefegrbifs £e4ah ac&’!ﬂérﬁﬂ%d %Wh&%nﬁf *@dianatih QrM@??E‘P trani¥for t NE

assunption is also practical a reasona Vthen a voltage I's applied to
any term nal node, one third of the voltage is induced onto the floating
gate node by capacitive coupling and the induced voltage is superinposed.
The program conditions of

When control gate 845 is biased high enough to raise the floating gate potential
higher than the sum of the drain and threshold voltages, the channel potential at 815
approaches the voltage applied to drain 806, as long as select gate 850 is biased slightly
higher than the threshold w'/oltage and the horizontal channel resistance is high compared to
the vertical channel resistance. Then, maximum electric field is created at the intersection
815 of the horizontal and vertical channel, which becomes the injection point because
electrons reach maximum speed and the momentum of the electrons is still horizontal.
When the energy level of electrons gained in channel transport is higher than the barrier
height, high energy electrons penetrate straight into the floating gate. In contrast, prior art
relied on the indirect process of electron scattering by phonon and 90 degree redirection
upward to the floating gate. Thus the configuration of this vertical channel structure

enhances the efficiency of electron injection from the channel to the floating gate by many

orders of magnitude.



- 36 - electron injection onto the floating gate are, "as described in
first section above (1) the floating gate voltage > 3V and (2) the
injection point potential > 2.5~ 3.0V. Based on the assunption that al
three capacitances are equal (flat channel length = Ln), when 5V is

applied to the control gate and drain node, the floating gate voltage
becones 3.3V due to capacitive coupling, which satisfies the program
conditions. Take for exanple, a tunnel gate4saxide of 8 nmand an ONO of 11
nm The potential across the ONO of 11 nmis 1.7Vv=5V- 3.3V, and the
electrical field is 1.55 W/cm (=Y. 7V/11nm). Even if the control gate is 5V
and the source/drain are grounded, the floating voltage is 1.7V, and the

el ectric fiFABRIGATION METHODOQF EEBRUNMANWR AR STRANSIGRPR WITHETER
programm ng, the electric field across the ONOis naintained | ess than 3
M/ cm which is a ggsp RAQY the erase operation, the control gate
vol tage is further i1'ncrease va/r;%l e the source and drain are kept zero. Wen
the control gate voltage is raised to 10V, the induced floating gate
voltage is 3.3V due to capacitive coupling, and the voltage across the ONO
is 6.7V=10V-3.3V. The electric field across the ONO becones 6_MW/c¢cm (=6. 7V
/ 11 nm), which sat Th¢ pemerdbiective gethivinventotis thintmodures Revy cpriawrationdor ng
gate polysilicon to control gate polysilicon. Thus 10V erase for poly to

poly tunngkiBRRGIY ds®lde saactalé, prid devdcadpegations foEPROM, (EEPRODMcndMVRAMCE | on
is achieved. These voltage requirenments for erase are al nost the sanme

vol tage | g¥&figorsSH the Delvbtbhud. Adother objective is to demonstrate methods to fabricate

the structure. A few approaches from among many possible methods to fabricate the step
channel at drain edge, are described. The first approach is a simple non-self aligned method
to cover the channel step with a floating gate polysilicon. The second approach is to
minimize the misalignment during the masking process in the first non-self-alignment

approach.

Fig. 9A and Fig. 9B show the fabrication method for the step channel/drain
structure in accordance with seventh embodiment of this invention. Step formation starts
immediately after device isolation of LOCOS or shallow trench isolation 454, as shown in
Fig. 8A. The device area is still covered with a dielectric 452 of thin silicon oxide and CVD
deposited nitride. Photoresist 462 in Fig. 8B is applied and defined for the step region.

Using photoresist layer 462 as a mask, the dielectric layer 452 is etched by dry RIE or wet
etch like KOH. Then the silicon substrate is carefully etched at least 30nm. The angle of the

 step, measured from the horizontal silicon surface, should be maintained to be greater than



for atriple polysilicon EEPROM cell. Transi stors 600c,
600d, and 600e shown in Figs. 6C, 6B and 6C are variations of the double
poly split gate transistor 600b with the step channel. Programm ng and
erase - 37 - for
all these transistor variations utilize the sane electron injection
mechani sm as previously explained for tré&hsi stor 600b. The transistor

el enent | abel nunbers in the previous explanation for transistor 600b

st r uct ur e3@aegrbeyiatordet to achiewslrgh ihjeationrefliciamy, by énjesting eiesstoss direetiy weh
transi stor variations, 600c, 600d, and 600e. : The

floating gat.e of, transist. J: | It

gat o as Mol mORGLRgR e Palle RFCTie kS b B CMRNILA B B BR

t hrough sidewall, between the split gate and the flogti.n ate.. Alsq erase
i s per f or gishingconditigas inRE h'Fléﬁj’gfhrech@‘?ogi 1§ dmalent %ﬁéfeseﬁ.ltak}ﬁg‘i“g@t tgdrainefige
transistor 600d is recessed into the silicon surface. Transistor 600e has
t he reces%é8 withoatpenigs ghesenic, Phesphosis or Agtownyb e implantidesegofordlie nregiomi n
606 is

is less than 5SE19 cm-3, in order to maintain good gate oxide quality and to control channel
oxide thickness over step 413. A structure of an n-junction self-aligned to the step
channel/drain region is achieved with this simple process. After removing photoresist 462
and dielectric layer 452, the tunnel oxide 420 is thermally grown. After this formation of step

channel/drain, the normal EEPROM process follows.

The methods to fabricate transistor 400a in Fig. 4A and transistor 600a in Fig.
6A are provided next. The difference between the two transistors is simply in the N-drain
junction. The N-drain in transistor 400a is designed for a high voltage during tunnel erase
f"rom the floating gate to its N-drain. Therefore the N-drain junction in transistor 400a is
deeper than that of 6003, obtained by the implant of high diffusitivity, Phosphorus with the
dosage range of SE13/cm’~5E14/cm’ and at the energy range of 100 keV~180 keV. On the
otherhand, the N-drain in transistor 600a is formed with a reduced energy in the range of 30
keV~100keV for Phosphorus ion implant. Arsenic can also be used for the N-drain in
transistor 600a. Thus the N-drain junction depth for transistor 600a is as shallow as the
Arsenic source junction. Floating gate polysilicon 440 is deposited over the thermally grown

tunnel oxide 420 and thin oxide is grown over the polysilico:i layer. Then, photoresist mask



conbi‘ned i'nto the 602 region with a penalty of higher sheet resistance.
This transi stor 600e can be used to build high density nenory arrays, when
pl aced in series. The advant ages obtained in .
el ectrically erasable and programmabl e read-only nenory transistors with
step channel /drain using poly erase are summari zed: 1) The present

i nvention of double polysilicon EEPROM ceffs-with step channel/drain

enabl es er of lysilicon to Vgl L k-CO : )

capabi |1 ¢ y 1o fatgl BnY Bate R el BFmE} adiE R odF (R S e RN ITRNRS,
EEPROM i n whi ch_th_eogrogram control _gate and erase gate are separate. This
split gat eshowmin EigoyCashfleating gafredeftnition egé ssolatiogipxidegty4. A composite

- 38 - junctions in a nenory cell, due to | ow voltage operation on drain

and sour ce diefédifc ldyer 430eslictitak ONObr piatidied dxidoi depysited ahd dotidvadetsy deaymt s t 0
two | ayers reduces process conplexity. 2) Since individual control gates

(= word i ' ] ng,

the wor d | arciil Py aGS 14, SR8 ERRRboFHEafiE LR bolRverRRRE A |

i f the. | | ack si ' i pl | ysili EEPROM

EFRZJ; g? gr e_f) pgiy§ ; ﬁ,r &eoz(greggt m%{ké?éée 1rnaI<$i§. 98] d;[:ttullég tfe Eontrol Igatle%.g floating gate by
careful reactive ion etching followed by ion implantation of the source/drain junction region.
Normal FET processes follow such as sidewall spacer formation, diffusion annealing,

passivation, contact hole opening, and metalization for wiring, Thus, the final device

structures for stack transistors 400a in Fig. 4A and transistor 600a in Fig. 6A are obtained.

In order to fabricate split gate transistors 400b and 600b lwith the step
channel/drain, there is no difference the fabrication of the two tx:ansistors from commonly
practiced split' gate processes, after formation of the step channel..D.uring the step channel
formation, N-drain junction requircments are different between the transistors. The N-drain
in transistor 400b is designed for a high voltage during tunnel erase from the floating gate to
its N-drain. Therefore the N-drain junction in transistor 400b is deeper than that of 600b,
obtained by the implant of high diffusitivity, Phosphorus with the dosage range of
5E13/cm’~5E14/cm’ and at the energy range of 100 keV~180 keV. On the otherhand; the N-
drain in transistor 600b is formed with a reduced energy in the range of 30 keV~100keV for
Phosphorus ion implant. Arsenic can also be used for the N-drain in transistor 600b. Thus

the N-drain junction depth for transistor 600b is as shallow as the Arsenic source junction.



menory data can be erased instead of an unnecessarily |arge block, which
used to waste the limted progranferase cycles in an EEPROM s lifetine.
This | ocal erase capability extends the endurance of progranf erase cycles.
NONVOLATI LE RANDOM ACCESS MEMORY OPERATI ON | N DOUBLE POLYSI LI CON
SPLI T- GATE STRUCTURE The prior art for flash EEPROM
operation, programand erase were inplLegented sequentially, because the
program and erase operating conditions on a termnals were inconpatible.
The progr The PRatiat 06 isefintd figst as siovireis Rigt108v4G4, insteadtofiseparatengberwedri p or
a designated portion of the nenorlyy chip, then the whole portion was erased

L ans st oF P cpIcH e et Ei SCTRRMY o Mot I Py

h EEPRQM t . . .
once, t e%ﬁfd%ﬁ. ePhotores1st r\rqgsi( 1{16% in Fig. 10B to form the N+ junction 1s inserted prior to the

second polysilicon definition, followed by ion implantation with the species of Arsenic,
Phosphorus or Antimony. After removing the thin oxide over channel 418 and floating gate
polysilicon, split gate channel gate oxide and poly oxide are thermally grown. Then, a
composite dielectric layer such as ONO or nitrided oxide followed by second control gate
polysilicon 445 in Fig. 10C are deposited. The dosage of N+ for 404 is chosen to be
relatively high, in the range of SE20 to 5E21 c¢m-3, to grow oxide 424 thicker over N+
diffusion 404, compared to gate oxide 428 over the split channel 418 in Fig. 10C. After
formétion of dielectric composite layers over the control gate polysilicon 430 and split
channel region 428, photoresist mask defines at the same time the control gate and floating
gate, separating adjacent cells over the field oxide by careful reactive ion etch. Sidewall
spacer formation and diffusion annealing, passivation, contact hole opening and metalization
for wiring in the normal FET process, follows. Thus the final device structures for split gate

transistor 400b in Fig. 4A and transistor 600b in Fig. 6A are obtained.

With their respective methods, structures of step channel with a self-aligned
diffusion of high injection area can be achieved by simple processes for transistors 400a,
400b, 600a and 600b. Once the step channel/drain is formed, existing fabrication processes

for the stack gate transistor and split gate transistor follow.



-39- ‘called RAM even though it could wite "0"'s and "1"'s sequentially.
Now, by conbining | ow voltage programm ng and poly to poly erase features
in the double polysilicon split gate transistor with step channel 600b,
program and erase are attained at the sane tinme and at different
transistor locations for the electrically connected control gate. Thus, the
nature of Random Access Menory which was | acking in EEPROM is achieved by

proper design and operation of the split.gate transistor with step _
channel . Usi ng the split gate transistor 600b which is

the fourth enmbodi nent, the concept of operation and design as Random
Access Menory is the.fifth enbodi pent .of. this_i.nventjon. .. .

The principles for me %5@,1@%@59@%555}"%&3 rém{@rdig’é{h&r ?l’ééfﬁté:f tragsistor Hfide
previous section, Electrical erase is achieved by tunneling fromthe _
floating gutlepresiselyecontroed engiaothorinsatab coapnghaichoyariappedhi.NGamdeythet r ai ght
I njection through to the step channel. |In order to keep accuracy in the

expl anat i divatingpast cvelfabeicatidn eRshodl atddestrilbuds thet fst, 6rch fehRiveSapmenodel

are provided.
horizontal channel under the floating gate and the next for a minimal length of the horizontal
channel length. Fig. 11A through Fig. 11G shows a fabrication method of a variation of a
split gate transistor 600c with a step channel/drain structure in accordance with the above
embodiment of this invention. After device isolation of LOCOS or shallow trench isolation,
word line gate 645 (equivalent in function to the split gate channel 618 in transistor 600b) is
defined as shown in Fig. 11A where the height of the polysilicon 645 is about 250 nm to 400
nm and the polysilicon is covered with a dielectric layer 655 of 100 to 200 nm. Then a thin
oxide (10-20 nm) 656 is thermally grown over poly sidewall and followed by thin nitride
657 deposition by Chemical Vapor Deposition in Fig. 11B. Photoresist 661 is applied to
define contact area. Using the photoresist mask, the nitride film 657 is isotropically etched
by RIE and ion species of Arsenic is implanted to form the N+ source junction. After
removing the photoresist, the side wall oxide (50- 80 nm) 658 in Fi g. 11C is thermally grown
selectively in the contact hoie area which is several times thicker than that for 656 of the
other side of polysilicon gate 645. The bottom oxide of contact hole is vertically etched by
RIE, during which, the nitride 656 prevents oxidation of the area underneath and also acts as

an etch stop during etching of the oxide over junction N+ 604. Polysilicon 670 with a

thickness of 180-200 nm is deposited as shown by dotted line in Fig. 11D. Directional dry



I n doubl e polysilicon EEPROM transi stor 600b, requirenents for nonvolatile
_operation are (i) tunnel gate oxide 620 thickness is in the range of 5 to

10 nm (ii) dielectric 630 such as ONO or nitrided oxide is equal to or

t hi cker than tunnel oxide thickness, which

- 40 - is typically 8 to 15 nmand (iii) the lengths of channel region 610

and the overlap diffusion Ln 602 are robGghly sane.

Typical critical electric fields for tunnel frompolysilicon to polysilicon

t hr ough ' ' I | r L ; 0enasi
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thermal ly %ruf%gn %gbst rate oxide of 10 MW/ cmin E. Harare and F. Mazurka).-

Ther ef or & 1Viunderthe dloating gate) §hearthe 9.3y lighagranhy ds usedethe eatrotidfbanthibact han

6 MV/cmfor tunnel erase fromfloating gate to control gate. On the

ot her hand45tih 6.3almecorthe contadtdpening afict fueckGMR wall orglatibm 65&{s about ER2atr on

I njection nust be maintained to be less than 3 MM/ cm considering process
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600b, operation and design of non-vola

sidewall etching when the polysilicon 670 is thicker than 150 nm. The filled polysilicon is
used to form the self aligned contact. After defining the polysilicon spacer, Phosphorus for
N-drain 602 is implanted with a dosagé in the range of 1E14-7E15 per cm” at 50-100 keV.
Then the thin nitride layer 657 is etched directionally using poly spacer 672 as a etching
mask. The cross sectional view at this point looks like the figure in Fig, [1D. The
combination of creating the horizontal channel, filling the contact hole and providing self
aligned borderline contacts by one polysilicon deposition is one of unique features in this
process. Photoresist 662 is provided to protect polysilicon in the contact hole during removal
of the sidewall polysilicon, which was used to define the step and self aligned N-drain region
602 in Fig 11E. Thin nitride 657 is used to define thermal oxide underlayer 656. Then
nitride 657 is removed selectively and isotropically by Chemical Dry Etch. Vertical dry
etching of the silicon substrate is continued to create about a 50 nm step. At this point, the
cross-section is as viewed in Fig. 10E. After removing photoresist 662, the oxide 656 is wet
etéhed in a diluted buffer of HF solution. Thermal oxide (50-100 nm) is grown over the
channel region 620 and the sidewall of polysilicon 630 (sidewall oxide over poly is slightly
thicker than that over single crystal silicon substrate) in Fig. 11F. The oxide layer is nitrided

in a N,O environment and another oxidation is repeated to minimize the pin hole. Instead of



Is illustrated using a sinple nodel. A sinplified capacitance nodel of
transi stor 600b is provided in Fig. 7A. The capacitor Ccg-fg is the
capaci tance between the control gate 645 and the floating gate 640. Cfg-Ln
i's the capacitance between floating gate 640 and the wunderneath

n-di ffusion region 602. Cfg-ch is the capacitance between floating gate 640
and the channel region 6.10. Here all _tfyee capacitances are chosen to be
equal , which nmakes the explanation easier, but the assunption is provides
a practical. a reason e . rat i ' | [ of the
power supp‘f‘?“@gpil’a?g ! ﬁgbp‘f"g‘@slgyeézg%@gbg@Ca@??@ é@@g@@é{ﬂ&#@@%ﬁ on can
be obtai ned by extending the concept utilizing nore detailed nodeling.

- 41 - polysilicon is depasriechcenfounaliygey C¥Dangl verticaldy etrled bt RiEhes sheyadn Fige
third of the voltage is induced onto the floating gate node by capacitive
coupl i ng argf. tTie thiviiiess &f vl pokptlidon distare teoxidseall diffeasionoghiemdefineti the ons

of electron injection onto the floating gate are, as described above, (i)

the floati te. v 0Q:. i 0 [ ' : [ at

615 > 2 5B B BhRTS e e B0 bideheis F pARLARAIRY PRID R HOe T,
h ' i ts.

meet the a '?r;/e%siogs? gfl' k?or}izggt%ij Iclga%rrzglnleggth and Ln length are very accurately defined, to meet

the precise design goals, by these two sidewall process. The objective of nitridation and
presence of the nitride layer over poly side wall oxide 630 is to reduce leakage current
between word gate 645 and floating gate 640, in order to improve retention time. The silicon
nitride can be also be replaced by a silicon rich silicon oxide to reduce the tunnel erase
voltage. After sidewall poly etch, the floating gate and the contact poly between adjacent
cells are separated at the same time by using a photoresist mask (like the slit mask in a
conventional floating gate EEPROM process) and by careful reactive ion etch marke_d as
6408 and 671S in Fig. 11H. Then thermal oxidation of poly silicon floating gate and
deposition of CVD oxide and nitride composite layer 629 follows. The purpose of
composite layer 629 is to protect the floating gate polysilicon 640 from contamination and
moisture. Normal process follows: deposition of a passivation layer such as jphosphosilicate
glass (PSG), planarization by Chemical Mechanical Polish, opening of the contact hole,
filling of the contact hole by W or Al or Cu, and metalization for wiring. The cross sectional
view after processing is shown in Fig. 11G. The bird’s eye or top view of the memory cell is
shown in Fig. 11H. A structure of self aligned n-junction to step channel/drain region is

achieved with this simple process.



For an exanple in which the tunnel gate oxide is 8 nm the ONOis 11 nm
and wite operating voltage conditions are net, the resulting floating gate
potential and the electric field across the ONO are summarized in the .
Table given in Fig. 7B for wite "0", "1" and "no change". Here the | owest
vol tage used is taken as the zero reference. The control gate voltage is
5V when unsel ected and 10V when sel ected. The drain and source voltages

are Vs=5V and vd=10V for wite "0" (higler-Vt by electron injection) and
Vs=0 and Vd=Ov for wite "1" (lower Vt by tunnel erase through ONO and
Vs=5V and Vd=5V for unchanged. When 10V is applied to the control gate and
drain node, the floating gate voltage becones 8. 3V du tiv

coupl i ng, which satThsiteschanaeljengtharizonal chagnsl and'ﬁﬁ@‘t‘ﬁ@ gg‘?%“ﬁi‘%‘f
across the ONO of 1lnmis 1.7V=10V-8.3V, and the electrical field is 1.55
M/ cm ( =1nd Hoddlng'gate oM@ RplifzdtdlGaretd presiselg definedbyidewali teshnignes: ohlsgéhee i s

10V and the source/draln are 5V, the floating voltage is 6.7V, and the.

el ectric 9{}@ MY/ef fhder She3¥bakihgriale is Stoditilizeg to fill
progr amﬂ8¢1°]ygﬂ?¢1 ‘??f%nréﬁllle 123(13‘1?%?2 t ﬁe ONO wi | | g

- 42 - n%f&ial edtoE{glessthanSM\//cm whi ch neets the target. For
t he erase 5 CopiEt 8Nt rol gate voltage is kept at 10V, but the

source and drain are reduced to OV. Then -t he

Figs. 12A through Fig. 12C show a fabrication method of a variation of the
split gate transistor 600c with a step channel/drain structure, wherein the horizontal channel
length under the floating gate is very small, typically less than 100nm compared to the
previously large horizontal channel length (larger than 150nm). The processes of these two

transistors is very similar.

After device isolation of LOCQS or shallow trench isolation, word line gate
645 (equivalent in function to the split gate channel 618 in transistor 600b) is defined as
shown in Fig. 11A where the height of the polysilicon 645 is about 250 nm to 400 nm and
the polysilicon is covered with a dielectric layer 655 of 100 to 200 nm. Then a thin oxide
(10-20 nm) 656 is thermally grown over polysilicon sidewall and followed by thin silicon
nitride 657 deposition by Chemical Vapor Deposition in Fig. 11B. Here, the nitride
thickness determines the horizontal channel length (less than 100nm). Photoresist 661 is
applied to define contact area. Using the photoresist mask, the nitride film 657 is

isotropically etched by RIE and ion species of Arsenic is implanted to form the N+ source



I nduced f-loating gate voltage is 3.3V due to capacitive coupling, and the
_voltage across the ONOis 6.7V=10V-3.3V. The electric field across the ONO
becomes 6 W/ cm (=6.7V / 11 nm, which satisfies the target for electron
tunneling fromthe floating gate polysilicon to-the control gate

pol ysilicon, and stored electrons on the floating gate are renoved to the
control gate. The electric field acrosssghe ONO is always kept bel ow 3

M/ cm except during erase, which is safe enough below the critical tunnel

field of ? y | e wild Bkide (501 8¢frarpds8 MAFEOMC is
Vs=5V, th 4 O%Aé?%%%&?ﬁ%ﬁ%m{ﬂgﬁgc?svLdue to tE\e couplﬁ\ég fr%mthe
drain to f

| oat i ate capacitance and .the floating devige . be turned
on- Thi o (gl g Pancelalyel i he compt ol sren SRR stvesaiinaHbicker bgh IS
In accessing the control gate, a "0" or "1" can be witten at any tine by
choosi ng tfee 656 pf therather sideaifpalysilicon igateltd Sd e hottont exade efecoatact bolg ims t he
control gate is selected and raised to 10V. The operation of witing "0"'s
and "1"s i vertiedliosteledteRIE, denmy whichathelnitride 666 pesvearR bxédatis ofithetdréa sane
time and at different transistor locations for an electrically connected

and. sel ect aikuroatl #ld 483 fis 1D GUB UG ERARSI 1P ABEE A LR IY- 04 t e

drain and source I n exac same® mann . biT Trne“rs selected in
i or art EOpRRR b1 igh afigken of REC-BP Bt SPOBRT Por Rt RS IR T
split gate double polysilicon transistor.
11D. Directiopal dry etch'is performed to form sidewall spacer 672. When the 0.3 um
lithography is used, the gate width and space 645 is 0.3 um, so the contact opening after
thick side wall oxidation 658 is about 0.25 um. Therefore the contact hole 671 is still
completely filled with this polysilicon even after poly sidewal! etching when the polysilicon
670 is thicker than 150 nm. The filled polysilicon is used to form the self aligned contact.
Photoresist 662 is provided to protect polysilicon in the contact hole during removal of the
sidewall polysilicon. Then the nitride 657 is vertically etched and the nitride spacer shown
by the dotted line in Fig. 12B is used to define the thermal oxide under layer 656. Then
nitride 657 is removed selectively and isotropically by Chemical Dry Etch. After defining
the step, Phosphorus for N-drain 602 is implanted with a dosage in the range of 1E14-7E15
per cm’ at 50-100 keV. Vertical dry etching of the silicon substrate is continued to create
about a 50 nm step. At this point, the cross-section is as viewed in Fig. 12B. After removing
photoresist 662, the oxide 656 is wet etched in a diluted buffered HF solution. Thermal

oxide (50-100 nm) is grown over the channel region 620 and the sidewall of polysilicon 630

(sidewall oxide over poly is slightly thicker than that over single crystal silicon substrate).



- 43 - - The advant ages obtai ned for operation with the
doubl e polysilicon split gate transistor with step channel/drain are

sumari zed: 1) Individual bit by bit program and erase can be
performed by need basis, when data is required to be altered, instead
of the large block size erase in prior art triple polysilicon EEPROM

whi ch wastes the Iimted programerase _C)gglgs in an EEPROM lifetinme. This
bit by bit wite capability extends the éndurance of progranf erase cycles.

channel | dTRRRdsRber B htiesan NHETRRoBReR arAnefih ofRabbnBTensibd ot e

RAM behavi or. This present invention W 1l find nuch wider applications
si nce it nhaiaizeshd pikdoRAIAsead of siteidsteom arthin € \ADis{lEaon nitride layéd (Bbéut 6 nm)
PCLYSI LI CON EEP W TH VERTI CAL LOATI NG GATE '

of - EPROVEP B geaesied: BuphiSIE st EROifectli LKA By EOB el 1 211 OF

accor dancv%rt\xl\gatllg ettcr}]gd SB'yi(ztrE ag gﬁé’v% fn lg}tg 1%?:. gTheSt%ic?(rr]lgss of the polysilicon dictates the
sidewall dimension, which defines the floating gate length. Since the CVD thickness is
controlled very tightly (within 5%), the small dimensions of horizontal channel length and Ln
length are very accurately defined, to meet the precise design goals, by these two sidewall
process of nitride and polysilicon. The objective of nitridation and presence of the nitride
layer over poly side wall oxide 630 is to reduce leakage current between word gate 645 and
floating gate 640, in order to improve retention time. The nitride can be also be replaced by
a silicon rich oxide to reduce the tunnel erase voltagé. After sidewall poly etch, the floating
gate and the contact poly between adjacent cells are separated at the same time by using a
photoresist mask (like the slit mask in a conventional floating gate EEPROM process) and by
careful reactive ion etch marked as 6408 and 671S in Fig. 11H. Then thermal oxidation of
poly silicon floating gate and deposition of CVD oxide and nitride composite [ayer 629

follows. The purpose of composite layer 629 is to protect the floating gate polysilicon 640

from contamination and moisture.

The normal process follows: deposition of a passivation layer such as PSG,
planarization by Chemical Mechanical Polish, opening of the contact hole, filling of the

contact hole by W or Al or Cu, and metalization for wiring. The bird’s eye or top view of the



Fig. 8B presents a cross-sectional view of a triple polysilicon EEPROM
transistor with an arbitrary vertical floating gate channel in series to
hori zontal channel. Transistors 800a and 800b consist of p-type silicon
substrate 801, N+ source diffusion 804, a channel region of horizontal 818
whose conductivity is controlled by a third polysilicon for the select gate
(word line). The vertical channel 810 is controlled by floating gate 840
and control gate - 56 - - 44
- 845. The floating gate 840 covers only the vertical channel and a drain

di ffusion tt he. venti ~+ h., The. fl.ogtimng:. [ ‘
diel ectri c@?ﬁ‘?ﬁ{ %%f’@fé%ﬂﬁ%ﬁ%&ﬁ%%%@fﬂl5?%32913 4 F‘E@%“‘J&i Ogiflégl‘g@%?é‘l'@’r‘?{lf’8|
gate 845 is capacitively coupled to floating gate 840 through dielectric
fil m 830, Whtehchaanelisisaigiregion ixasbiavadl y grown silicon dioxide or a

conbi nation of thin layers of silicon dioxide and silicon nitride. P-type
801 is typically doped in the range of 1El6cm 3 to 5E17cm 3, vertical gate
dielectric film820 is typically 5 to 10 nanoneters thick, the horizontal

channel gate oxide i ' ' A | e
840 is usually a hea\?lhﬁélih%ghé%nﬁggg ng{ﬁ? Er%?@%“g“é%g%. i1 (Q:IganSt\%F ?ﬁdt;aluf%}lg@ggggért hat
can be as [;ow as. 100nm.or as. high as 300n ntrol gate 845 is a heayily
N+ doped fh"m" Ing gae\pE itlilqs(piqtlgat Y8 98 PECtse égging@,gy o E@FVQ?I“?%BWUS?- éelf ow
resistivity interconnect material |ike

aligned contacts filled with polysilicon are also provided.

Fig. 13A through Fig. 13G show a fabrication method for transistors 600d and
600e, which are also variations of transistor 600b. Immediately after formation of device
isolation (shallow trench or LOCOS), the nitride film 652 stil] remains with a thickness of
50nm, over the device area as shown in Fig. 13A. This nitride film is removed by using a
photoresist mask for the source 604 and drain 606 regions in Fig. 13B. Then a CVD oxide
film which is slightly thicker than the nitride film is deposited as shown by the dotted line in
Fig. 13C, and followed by Chemical Mechanical Planarization. The planarization fills the
hole over the diffusion layer provides an oxide thickness of at least 50nm. To form the buried
floating gate in the step region, the floating gate area is exposed with a photoresist mask 662
and the silicon is etched 100nm-300nm b.y gentle RIE, as shown in Fig. 13D. Multiple
Arsenic implants, adjusting the tilted angle of implant and with different dosages, are
performed to achieve shallow junction 603, which will have a surface concentration in the
range of 1E17cm’ to SE17cm’ for the step sidewall 613, while tﬁe bottom surface of step 602

will have a higher doping level but less than 5E19cm®. As an option, Boron can be



silicide, or a refractory material. N+ source diffusion 804 and is fornmed
by ion inplantation of Arsenic, Phosphorus, or Antinony. N+ drain 806 is
formed by the same ion inplant naterial, but self-aligned to the vertical
channel edge 810, imrediately after formation of the step, and prior to
deposition of floating gate polysilicon 840. When N+ junction 806 is wused
for erase, the junction 806 is doped wi thphosphorus as well as Arsenic to
i ncrease junction depth for higher junction breakdown. When erase is
performed by tunneling between floating gate 840 and sel ect gate 850, the

drai n j unghplantedsipitiycddepbethan e fimllow Arseid sidehogleflindtich todreatelritiglidie
channel electrons are supplied from N+junction 804, but the electrons can

be i nver t g | ayeqs ap{he%faﬁggrﬁ%@dgv%}%@pé%éggé ich Bcohts k4 Yi}eRBn Bint CRBAS

it supplies rons nne

- 45 - . Wen a certain voltage level is applied to control gate
845, the Phefaresisymask 66D istremoned, andihectien slicenpueface (sglsaned  mithirioxide ohE-
control gate becones higher than the threshold voltage in the vertical
channel r é@nmris &ikdmaky grostrg alsb ahews iroFig. IIEIVAPYlyisilivon doet 0ehick BiEdul@Be 804 t 0

drain junction 806, if select gate 850 is al so raised higher than the

t hreshol dsNgithyadfker then the step depth, is then conformally deposited by CVD, as shown by the
dotted line in Fig. 13E. The polysilicon layer is planarized by chemical mechanical polish
(CMP) and the surface is slightly recessed by dry RIE. The remaining filled polysilicon in
the step region of Fig. 13E becomes the floating gate. After thermally growing a thin oxide
layer, the nitride film 652 is selectively removed by Phosphoric acid or chemical dry etch.
After cleaning the surface, oxide 628 (7nm~15nm thick) is thermally grown over select
channel gate 618 and the coupling oxide 630, which is over the floating gate. Oxide 630
over the polysilicon is slightly thicker than oxide over the silicon substrate, due to the high
growth rate of the doped polysilicon. The oxide layer in nitrided in an NO environment, and
another slight oxidation is repeated to minimizc pinholes. Instead of nitridation, a thin CVD
nitride layer (about 6nm) can be deposited, as shown in Fig. 13F. Polysilicon for the select
gate is deposited conformally by CVD. The polysilicon layer is etched to separate adjacent
select gates over the ST region, as illustrated in Fig. 13G. Thus, the memory cell transistor
600d is obtained. Normal FET processes follow, such as passivation, contact hole definition

and metal wiring. The bird’s eye view of the memory cell is shown in Fig. 13H.



el ectrons are then accelerated by the horizontal field, as in a MOSFET
tTansi st or. When control gate 845 is biased high enough to
raise the floating gate potential higher than the sumof the drain and

t hreshol d vol tages, the channel potential at 815 approaches the voltage
applied to drain 806, as long as select gate 850 is biased slightly higher
than the threshold voltage and the.horizontgh channel resistance is high
conpared to the vertical channel resistanceé’” Then, maxi numelectric field
is created at the intersection 815 of the horizontal and vertical channel,

whi ch becones the i nfREk| ! sl ea ik Leach apxi - ed
and t he nonentum of the ggg&f%ﬁ%pﬁi&g&g‘u lehﬁ-)(x)“ 252@%N+‘%ﬁ§@eﬁ§%ﬂ£&gﬁ$€y

| evel of e rons _.qgaiped in. channel transport i.s higher_than the barrier
hei ght, hi é%%%é?&i}g‘élt %Y?fé?ﬁ@nﬁgﬁaird&fl@%%?la‘{%’ﬁﬂs PhiamednEligh drpsithgemars. | n
contrast, prior art relied on the indirect process of electron scattering
by phonon &Waysyenbegeadized byiplasingimany Gifedynt transishers i seaies.ng gate. Thus the
configuration of this vertical channel structure enhances the efficiency

of electron injection fromthe channel to the floating gate by many orders
of magni tude.

While the invention has been particularly shown and desribed with reference
to the preferred embodiments thereof, it will be understood by those skilled in he art that

various changes in form and details may be made without departing from the spirit and scope

of the invention.

What is claimed is:



- 46 - " FABRI CATI ON METHOD OF EEPROM NVRAM TTRANS| STOR W TH STEP

STEP CHANNEL/ DRAI N The prinme object | ve oT“tﬁTS“l—rrven’tl on

is to introduce a new configuration for the EPRC]\/I and
devi ce operations for EPROVM EEPROM and NVRAM tran Hgl’new
Lfa r| ca

structure. Another objective is to denonstrate net hobls o

structure. A few approaches from anong nmany possi ble nethods to fabricate
the step channel at drain edge, are descrisbed. The first approach is a
sinmple non-self aligned nethod to cover the channel step with a floating
gate pol ysi | icon. The second rooach i m ze the_m sal i gnment

o 1 the ISRy SRR ethory opish WA 48 o G T R ERERTOn
Fig. 9A and F| g. QB show the fabrication nmethod for the step channel/drain
structure nmeﬁmxﬁrdambechmnﬁtsﬂ:ﬂemanmgrgbmmomnsmgf this invention. Step
formation starts immediately after device isolation of LOCOS or shall ow

trench isol ation stbdratéBavi w&réerhnﬁ%rﬁn 1&Aons\kh QS hdffel ﬁ{&%}e't\?ee%t' H

covered with a dielectric of thin silTcon oxi and dep65| ted
and def i ned for th

de. Ph 462
Mg ons Uaing B ng§f“§tsﬂr*af§f%°V£é§°‘§1§n§9€%§ﬂs0umﬂa% AOeBIoRs palsaid 457 |

etched by d E .ar
y BZnnR{ which structure includes a dielectric layer and a conductor layer thereover; and

said channel under said floating gate having both horizontal and vertical components.

2. The electrically programmable memory device of Claim 1 wherein said horizonta] and
vertical components are a horizontal channel and a vertical channel, and the said vertical
channel is adjacent to said drain region and said horizontal channel is adjacent to said source
region which device provides in operation accelerated electrons in the horizontal channel are
injected straight in the direction of momentum into the vertical channel and the vertical

portion of said floating gate structure over said vertical channel.

3. The electrically programmable memory device of Claim 2 said vertical channel is between

about 20 to 200nm in depth.

4, The electrically programmable memory device of Claim 2 wherein the angle of said

vertical channel is between 30 to 150 degrees when measured from the horizontal.

5. The electrically programmable memory device of Claim 2 wherein vertical channel under

said floating gate is of N-type material, lightly doped in the range of 1E17 to 1E19 per-cm’.

-
ot Has Been Replaced THIS SHEET HAS BEEN
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etch I'i ke KOH. Then the silicon substrate i s carefuHy etched at |east

30nm The angle of the step, neas I zontal silicon surface,
shoul d be naintained to be greaterTEE (lEﬂIj' ﬂl ﬂl'
- 47 - 30 degrees in order to achi c « on efficiency, by

I njecting electrons directly with horizontal nonmentuminto the floating
gate. The angle can be controlled by setting the etching conditions in
RIE. Then n-region 402 is inplanted by sel #0ati gnment to drain edge 415
with a species of Arsenic, Phosphorus or Antinony. The inplant dosage for
the n-region is less than 5E19 ¢m3, in order to maintain good gate oxide
qual i ty ah@hteleztrivailp pragranmable methoy delvicelofieSlgimevhegeipmnexgntiansfrsast ur e
of an n-junction self-aligned to the step channel/drain region is achieved

Wi th thi ShorizBRIaEcHYNAEIES Sovetéd Rith aBEMY Euhridl QAte(B&t fidatitfy; andshidi WirGeHl hhé
| ayer 452, the tunnel oxide 420 is thermally grown. After this formation of

step chapnel,/drain, the normal, E Locess . f
The net hot® ?ngtﬂr? S%Yeéecfwgﬂgi ¢ 1gl?§%§vqeﬁe i%a.‘gh%&‘?%}ﬁ%a‘t°%?%‘ﬁl sﬁngrth%OOa in
Fig. 6A are provided next. The difference between the two transistors is
si npl y i nvarfeal ghennsl are elegivically sontreliedpydiveg S§PRELa gadess fosallpw JnigatingeleetEssnsned
for a high voltage during tunnel erase

to move straight in the direction of motion, into the vertical floating gate.

=

7. The single polysilicon EPROM memory cell comprising:

a series of a conventional FET transistor and a floating gate device ;

said floating gate device having a horizontal and vertical step channel/drain wherein
the overlapped length of step N-drain length under the floating gate is intentionally longer
than the horizontal chanm_el region, in order to increase coupling capacitance between drain;
and

said horizontal channel /drain is normally ‘on’.

8. The single polysilicon EPROM memory cell comprising;
a floating gate memory transistor having a horizontal and vertical step channel/drain;
and an exterhal coupling capacitor;
wherein the gate of said capacitor is formed of the same conductor matérial as
floating gate and connected together;
said horizontal channel is normally ‘off’; and

said floating gate memory transistor is selected by applying a voltage to the other

terminal diffusion of said coupling capacitor.



fromthe floating gate to its N-drain. Therefore the N-drain junction in
transi stor 400a is deeper than that of 600a, obtained by the inplant of
high diffusitivity, Phospherus with the dosage range of

5E13/cnferr] ~5E14/cnferr] and at the energy range of 100 keV~180 keV. On

t he ot her , ' mllﬂﬂlr in transistor 600a is forned wth a reduced
ener gy in| u leu ﬂ“ keV~100keV for Phosphorus ion inplant. Arsenic
can al so bet usedtfof the ™N-drain in- ¢ransistor 600a. Thus the N-drain
junction depth for transistor 600a is as shallow as the Arsenic source
junction. Floating gate polysiligon 440 is deposited over the thermally
grown t 8nhkes Sioglb@elymoaﬁﬁﬁﬂMm%WTMéen§°’@PB§Hgbver the polysilicon |ayer.
Then, photoresist mask

- 48 - 464 f on fldafiag kite ne Gy SRBSIEWRE having 4 borizdtaladverival step thapnel/dram;
vertical dinmension) s applied, shown in Fig. 9C, as floating gate
definition ov i |.0 jde 454. A conposite dielectric layer 430 such
as ONO or ni t%ﬁ%gggléélgd&e&?gét?g’posi ted and foll owed by second control gate
pol ysilicon 445. After_formation of, dielectric | r 454 over control gate
pol ysi | i con, n dhe leating grtegisaid rassigtor W%%g? ?aﬁéc Lkpﬁ‘f‘g(?ﬁpagcétloé and
floating gate by careful reactive ion etching followed by ion inplantation
of the soxhersin theaoverjapped lengthr afgtapiN-draio dength wEer theolleptioggatesiandg smatlh as
sidewal | spacer formation, diffusion annealing, passivation, contact hole
openi ng, battheupling@ipheiforfioit 1east ldrger thintisaid flbsridg gund tralevstoraarea to increase

the coupling ratio; said horizontal channel is normally ‘off’, said memory transistor is

selected by applying a voltage across the coupling capacitor.

10. The EPROM memory cell of Claim 9 wherein reliable erase and program operations is
performed at the same side of said step junction in said floating gate memory transistor with
a step channel/drain structure, provided by a deeper N-drain junction than that for source
and lighter doping to withstand high voltage for tunneling from the floating gate to N-drain

diffusion.

11. A double polysilicon stack EPROM memory cell comprising:

a floating stack gate memory transistor with source, drain and channel and having a

horizontal and vertical step channel/drain structure that provides efficient electron injection

from the channel to said floating gate; and



structures for stack transistors 400a in Fig. 4A and transistor 600a in
Fig. 6A are obtained. In order to fabricate split gate

transi stors 400b and 600b with the step channel/drain, there is no
difference the fabrication of "'the two transistors from com‘rm"mm[ﬂm
split gate processes, after formation of the step channel. Mﬂ "'
channel formation, N-drain junction requirements are differént® bt wdenst he
transistors. The N-drain in transistor ALOQ%)_is designed for a high voltage
during tunnel erase fromthe floating gate'to its N-drain. Therefore the
N-drain junction in _transistor 400b is deeper_than that of 600b, obtained
by the i npl ant msanhfcgireliably eresing of said memosy kel (&8 the sard horezomtal agd vedicgbstep
5E13/cnferr] ~5E14/cnferr] and at the energy range of 100 keV~180 keV. On

t he ot her hawton phe/idéd byl &deped N-driiafehciot thAD tHat ifer sottd¥RghdWighterdoprus ed
energy in the range of 30 keV~100keV for Phosphorus ion inplant. Arsenic

can al so h%gﬁs r =TSN R 35505 o - : N-drain
junction S\gtp g(})é&tvr&é% ?g"{‘g?‘ﬁ’§88%@ﬁ°;s’ma‘§ﬁs°§gﬁé Bgvtgg&s)l\{ %H‘QA‘}%@E‘T"E source
juncti on. - 49 - The
floating gate is defined first as shown in Fig. 10A 464, instead of

separating between adjacent cells in stack gate transistor in Fig. 9C

(shown as floating gate definition over field
12. A double polysilicon split gate EPROM memory cell comprising:

a floating split gate memory transistor with source, drain and channel and having a
horizontal and vertical step channel/drain structure that provides efficient electron injection

from the channel to said floating gate; and

means for reliably erasing of said memory cell at the said horizontal and vertical step
junction provided by a deeper N-drain junction than that for source and lighter doping to

withstand a high voltage for tunneling from the floating gate to N-drain diffusion.

13. A double polysilicon gate EPROM memory cell comprising:

a double polysilicon floating gate transistor having a horizontal and vertical step

channel/drain;
structure having efficient electron injection from the channel to said floating gate;
a control gate;

* the length of overlapped floating gate over N-drain diffusion is adjusted to be longef

than horizontal channel length; and



oxi de). Photoresist mask 465 in Fig. 10B to formthe N+ junction is
i-nserted prior to the second polysilicon cimllm :I“J“ﬂﬂl"ﬂm\ed by ion .

i nplantation with the species of Arsenic, o il 118 (1% i mony. After
renoving the thin oxide over channel 418 and floating gate polysilicon,
split gate channel gate oxide and poly oxide are thermally grown. Then, a
conposite dielectric layer such as ONO or }ip”i ded oxi de foll owed by second

control gate polysilicon 445 in Fig. 10C are deposited. The dosage of N+
for 404 is chosen to be relatively high, in the range of 5E20 to 5E21

o S, e, et BT enals ool L AL, oA Arah

dielectric conposite | ayers over the control gate polysilicon 430 and split
channel r éafedn sadgoniselgais-esi st mask defines at the sane time the control
gate and floating gate, separating adjacent cells over the field oxide by
careful reactive ion etch. Sidewall spacer formation and diffusion
anneal i ng, passivation, contact hole opening and netalization for wring
in the normal FET .process, follows. Thus the final device structures for

split gateq ThagakEHRlysHAOR %%erﬁ@i'ya&ﬂ e’ ?ﬁ%@n\gﬁﬁg@)ggeisn? rag‘ii: ?r&yuggd grre

obt ai ned. el'r’respective

step channgl with a.self-aliqgned diffusion of hi ,njection area can be
achi eved Béegtlew%ghp%ggg% %f"@ﬂeﬁ“& ?‘i‘tsé?esa“@(f@%g‘ ed 5oy %&JW&%
Once the step channel/drain is fornmed, existing fabrication processes for
t he st ack UgBeEsRnapogEerase ayaled intflagting gatedragsistoos. f ol | ow.

15. The double polysilicon stack EPROM memory cell of Claim 11 wherein means are
provided for erase operations by adjusting the length of overlépped floating gate over N-
drain diffusion longer than the horizontal channel length and with said drain junction as

shallow as said source junction.

16. The double polysilicon split gate EPROM memory cell of Claim 12 wherein means are
provided for erase operations by adjusting the length of overlapped floating gate over N-
drain diffusion longer than the horizontal channel length and with said drain junction as

shallow as said source junction.

17. A non-volatile RAM combining the operating features of low voltage programming and
polysilicon to polysilicon erase comprising:

a substrate having source and drain regions with a channel therebetween;



- 50 - ' The second approach is a fabrication nethod for the
split gate transistor 600c _wth precisely—<controlled | engths of horizontal

channel and overl apped LN ting gate. Two fabrication
nmet hods are described: th I E“LL Euu ﬂg
channel under the floatings

| ati vely large horizontal
xt for a mniml |ength of the
hori zontal channel length. Fig. 11 A through Fig. 11G shows a fabrication
nmet hod of a variation of a split gate transistor 600c with a step
channel /drain structure in accordance i ®f The above enbodi ment of this
invention. After device isolation of LOCOS.or shallow trench isolation,
word |ine gat eflodtng gneistnadnemtovenpdrtions éfeaid soutdecandiriin regioes addsandl 618 in
transistor 600b) is "defined as shown in Fig. 1 | A where the height of the

pol ysi li I £Hach bt § Ls covered
PR ol Sutich %&g{rﬁt‘%@g‘c‘)’?g‘ig&lﬁ%bﬂg@nm OIRuERE Yt RONEe 10 20 nm)
656 is thermall. ro over .nqJ y..sidewal l. and.f.ol 1o by thin nitride 657
deposi tion by s@ﬁé"ﬂ?"&i u“é/?ﬁé?ﬁ tiag gatg haying PR h%ﬁ%@’&ﬁﬂgﬁ@m@@gqu
applied to define contact area. Using the photoresist mask, the nitride

film657and isotropically etched by R E and ion species of Arsenic is
I nplanted to formthe N+ source junction. After .

a word-line select gate located over a portion of said horizontal channel compoﬂalt. s

18. The non-volatile RAM of Claim 17 wherein there is provided means for low voltage

programming and means for polysilicon to polysilicon erase operation.

19. A triple polysilicon electricaily programmable memory device which has greater
efficiency of electron injection from the channel to the floating gate comprising:

a substrate having source and drain regions with a channel therebetween;

a vertically stacked polysilicon floating gate structure over portions of said source
and drain regions and said channel, which structure includes a dielectric layer and a

“conductor layer thereover;

said channel under said floating gate having both horizontal and vertical gate

components; and
- said vertical stacked floating gate structure is in series with a horizontal FET device

having a separated'polysilicon gate, wherein electrons are accelerated in the horizontal
channel and injected into the vertical floating gate, utilizing fhe said electron injection

mechanism.



~

renovi ng the photoresist, the side wall oxide (50- 80 nn) 658 in Fig. | IC
is thermally grown selectively in the contact hole area which is several

times thicker than that for 656 of the other side of polysilicon gate 645.
The bottﬂy ] t hole is vertically etched by RIE, during

whi ch, t m&’m‘m"#ﬂnﬂwvents oxi dation of the area underneath and al so
acts as dn étch seops ng etching ofF éhe oxide over junction N+ 604.

Polysilicon 670 with a thickness of 180-200 nmis deposited as shown by
dotted line in Fig. 11D. Directional dry

nor i zont o> angriiie SolRHichA <l Rl SR pPRIRmAY ot GLIAR) B0 Wosty

l'ithography is used, the gate width and space .645 is 0.3 um ,So.the
contact &R iHgr %ge@r"‘gtﬁx?%ﬂs@ﬂd’é S Ihpné‘?ﬂtg‘aﬁq?ﬁ’wh%ait% °§B‘b§§t‘rﬁ foating gate
Therefore, the contact hole 671 is still conpletely filled with this

pol ysi | i canl wheebypéleeromsaly stosddeht [loatimggate ansteraset aad perhyesd byctmnndit@ i s
thi cker than 150 nm The filled polysilicon is wused to formthe self

al'i gned Cﬁﬂﬁﬁﬁ&ﬂoﬁﬁfg‘at@'ﬁfﬂhe'hBHzéﬁiﬁgb‘P}sYlﬁioh'gﬁfw spacer, Phosphorus for
N-drain 602 is inplahted wth a dosage I n the range of 1E14-7E15 per
cnferr] at 50-100 keV. Then the thin nitride |ayer 657 is etched
directionally using poly spacer 672 as a etching mask. The cross sectional

view at this point |ogks like the fi qure in Fi gD 11D. The . .
21. A method for fabricating an electrically programmable memory device which has

efficiency of electron injection from the channel to floating gate comprising:
providing a substrate having source and drain regions with a channel therebetween;

providing a floating gate structure over portions of said source and drain regions and

said channel, which structure includes a dielectric layer and a conductor layer thereover; and

said channel ynder said floating gate having both horizontal and vertical components.

22. The method for fabricating an electrically programmable memory device of Claim 21
wherein said horizontal and vertical components are a horizontal channel and a vertical
channel, and the said vertical channel is adjacent to said drain region and said horizontal
channel is adjacent to said source region which device provides in operation accelerated
electrons in the horizqntal channel are injected straight in the direction of momentum into
the vertical channel and the vertical portion of said floating gate structure over said vertical

channel.



conbi nation of creating the horizentalchannel, filling the contact hole
and providing self aligned borderline contacts by one polysilicon
deposition is one of unique featur m.,rwml'mum ss. Photoresist 662 is
provided to protect polysilicon in 0 ﬁ during renmoval of the
si dewal | polysilicon, which was used to defi'ne’th& step and self aligned
N-drain region 602 in Fig 11E. Thin nitride 657 is used to define thernal
oxi de underlayer 656. Then nitride 657 i s $&rmoved sel ectively and

i sotropically by Chemcal Dry Etch. Vertical dry etching of the silicon
substrate 4 | : id P | e

o1 055 sect 1 B e b o O e B el ® (e
oxi de 656 i,s t, ,etched.in a diluted byffer of HF solution. Thermal oxide
(50- 100 nn§hapge d?é&n‘P Eﬁbﬁie&r?réw - am?évreﬂef@r%ﬂw@%uaﬁ@tt he sidewal | of

pol ysilicon 630 (sidewall oxide over poly is slightly thicker than that
over single crystal silicon substrate) in Fig. 11F. The oxide |layer is
nitrided in a N20 environnment and another oxidation is repeated to

m nimze the pin hole. Instead of

- 52 - ni4 TR rcallyipidgtaiiidblY thémbs hemed of ads 2Bwherkircsid bertical
deposited. Then floating gate polysilicon is deposited conformally by CVD

and ver U Calipte LY SUmER AR MR o AL SRR (1

between 20 to 100 nm in depth.

25. The electrically programmable memory method of Claim 23 wherein said vertical
channel is formed by etching in the early stages of a field effect device fabrication.

between 20 to 300 nm in depth.

26. The electrically programmable memory method of Claim 25 wherein after forming said
vertical channel and using the same mask to define the vertical channel step; a ion from the
group consisting of phosphorus, arsenic, and antimony is implant to form the N-drain self

aligned to the vertical chénnel step region.
27. The method of Claim26 wherein said floating gate is formed over said vertical channel
step by forming a tunnel silicon oxide upon said channel and forming a first polysilicon

layer thereover and patterning to form said floating gate.

28. The method of Claim 27 wherein a stack gate memory cell is formed.



floating gate tength—Simce the CVD thickness is controlled very tightly
(within 5%, th orizontal channel length and Ln length are
very accurately ﬂ!!lrlm ! mrgmr t he precise design goals, by these two

si dewal | process. jrects ve of nitridation and presence of the nitride
| ayer over poly side wall oxide 630 is to-rtgddce | eakage current between
word gate 645 and floating gate 640, in order to inprove retention tine.
The si | i @8nThevinethodef cdainb2? w&xsmu’oesplﬁ@amnembyy eellsis foromed. ri ch silicon

oxi de to reduce the tunnel erase voltage. After sidewall poly etch, the

floating gate and the contact poly between adjacent cells are separated at
the sanme tine by using a photoresist mask (like the slit mask in a

convent i flogtin ate roce nd by careful .reactive ion etch
mar ked agBak%gleﬂ}%l "%ﬁg %Ei'—‘i'ﬁﬁre“l tro?g,étre; 1§ |OVEL s floang,gatp By y
silicon floating gate and deposition of CVD oxide and nitride conposite

| ayer 62%iepoditing\s compesiipudiglestsic ddyer o'mrp@@ﬁret padysilicgdayéranta specaidect t he
floating gate polysilicon 640 from contam nati on and noisture. Normnal

process galysqmm ﬁﬁ:'rédv@f‘aﬁ%h eﬁﬁﬁgltwémpgmaauﬁolgdféﬂ as j phosphosilicate

gl ass (PSG’, planarization by em cal Mechani cal Polish, opening of the
cont act hoI e, filling of the contact hole by Wor A or Cu, and

metal i zation for wiring. The cross sectional view after processing is
shown in Fig. 11G The bird' s eye or top view of the nenory cell is shown
in Fig. BiHA fethbd ?&t%ﬁca@ifng%ﬁ| éxe&hbawowxﬂﬂ@&w finfory 8&REe GRANTMES pffafirn
region is achieved wth thrs sinple process.

efficiency of electron injection from the channel to the floating gate comprising:

providing a semiconductor substrate having isolated surface regions therein;

providing source and drain regions with a channel therebetween within at least one of
said isolated regions;

forming a vertical step within at least one of said isolated regions having said source
and drain regions by etching into said substrate with its location between said source and
drain and to a desired depth;

implanting to form an N- region over at least vertical step and in contact with either
of said source and drain regions;

forming a floating gate structure over portions of said source and drain regions and
said channel, which structure includes a dielectric layer and a conductor layer thereover; and

said channel under said floating gate having both horizontal and vertical components.



- 53 . ' Thus the channel |ength, horizontal channel and step
N-drain Iengths under the floating-gate of the split gate-can be precisely
defined by sidewall techniques. Al so the pol ysilicon u @' ine the

hori zontal channel under the floating gate is also util} Ugmwm

self aligned contact hole. Figs. 12A't

show a fabrication nmethod of a variation 123 the .split gate transi sfor 600c
with a step channel/drain structure, wherein the horizontal channel Ilength
under the floating gate is very snmall, typically |less than 100nm conpar ed

to the pr8YiThisthythbdbdEldiRr 3 120Rdrein acdmfrmegaté %%hﬁed bedraeid Adading kRYY . The
processes of these two transistors is very simlar.

645" (oqui vETEHEE pRORERGR devige 1l ST A epkR Bl P dia P i e, ' ©

600b) is defined as shown in Fig. 11A where the height of the polysi I I con
645 i s abotheraser mmdmanmmgmdmvglysﬂum laysr yasdefineghe sadsonieplagttani t h a
dielectric layer 655 of 100 to 200 nm Then a thin oxide (10-20 nm 656 is
thermally grown over polysilicon sidewall and followed by thin silicon
33. The method for fabricating an electrically programmable memory device of Claim 31
wherein said horizontal and vertical components are a horizontal channel and a vertical
channel, and the said vertical channel is adjacent to said drain region and said horizontal
channel is adjacent to said source region which device provides in operation accelerated
electrons in the horizontal channel are injected straight in the direction of momentum into

the vertical channel and the vertical portion of said floating gate structure over said vertical

channel.

34. The electrically programmable memory method of Claim 31 said vertical channel is

between 20 to 300 nm in depth.

35. The electrically programmable memory method of Claim 31 the angle of said vertical

channel is 30 to 150 degrees when measured from the horizontal.

36. The electrically programmable memory method of Claim 31 wherein after forming said

vertical channel and using the same mask to define the vertical channel step.



nitride 657 deposition by Chem cal Vapor Deposition in Fig. 11B. Here, the

nitride thickness determ nes t ' nnel length (less than
100nnm) . Photoresist 661 is ap ”Mﬁﬂwﬂuﬂﬂlﬂﬂmnt act area. Using the
photoresi st mask, the nitride fitm®5*#i¢8 Ffsotropically etched by R E and
I on species of Arsenic is inplanted to fo(rggnthe N+ source

- 54 - junction. After renoving the photofesist, the side wall oxide (50-

80 nm) 6583771 gethdd 6 Chimt3heshondihysait Hydinglafols ifvghed dver k418 weftachaiipl
area which is several tinmes thicker than that: for 656 of the other side of

polysilico he. . .. de ont.act hole i.s vertically,

et ched by %ICE%&J}I??%% S%?&%&%‘%g&%ﬁ% ?‘laégi’%g%‘“ﬂf‘é\ﬁemaéﬁf%aﬂxb ‘Eﬁont%@ ar ea
under neat h lg;md f:\l so_acts as an _etch stop during etching of the oxide over
junction NeN#wel andogpidgopdective baer wiformed hyfiooringsstinst palgsiliooolayen thereover
deposited as shown by dotted line in Fig. 11D. Directional dry etch is

per for med and pattemisg tefioain sakpfieing@d2. Wien the 0.3 um |ithography is
used, the gate width and space 645 is 0.3 um so the contact opening after
thick side wall oxidation 658 is about 0.25 um Therefore the contact. hole
671 is still conpletely filled with this polysilicon even after poly.

sidewal | e L.ng whe .pal.ysi licon 70 is thicker. than 150 nm The
filled pol ;5§H1?%Bﬁthpg OE@dﬁtJd W}aﬁf?ﬂflﬂééacgéﬂfe BFMghHeeelids fermed.
39. The method of claim 31 wherein a split gate memory cell is formed.

40. A method for fabricating an electrically programmable memory device which has greater
efficiency of electron injection from the channel to the floating gate comprising:

providing a semiconductor substrate having isolated surface regions therein;

forming a word line gate structure within at least one of said regions;

forming a source region adjacent to a word line gate structure;

forming an N- drain region adjacent to said d word line gate structure but spaced_“.
from said source region;

forming a vertical step within said at least one of said isolated regions having said N-
drain region by etching into said substrate with its location between said source and drain
and to a desired depth;

implanting to form a highly doped drain region within said an N- drain region;

forming a contact to said source region to be a word line contact;



Phot oresi st 662 is provided to protect polysilicon in the contact hole
during renoval of the sidewall polysilicon. Then the nitride 657 is
vertically etched and-the-nittride spacer showmn by the dotted Iine in Fig.

12B is used to define the | oxide under |ayer 656. Then nitride 657
is renoved sel Emunﬂ t E!‘rraopi cally by Chemical Dry Etch. After
defining the for NNdrain 602 is inplanted with a dosage

in the range of *1E14-ELS per cnferr] at’058- 100 keV. Vertical dry etching

of the silicon substrate is continued to create %bout a 50 nmste At .
this point, thefornmgsafinating gateisuetyre\averpartions afisaid spurse and degin iang
phot or esi st 662, the oxide 656 is wet etched in a diluted buffered HF

sol ution. eskmhel, Hicetr(&reiRfudea dlsle@nomeomta tdreiucton tuyet theregivern a0
and the sidewall of polysilicon 630 (si.dewal| oxide over poly is slightly

thi cker than t _h%téd tehelSinRS &; &ﬂ%ﬁi&@ gﬁégx'ah‘fxg BofidtizbAtatind vertical components.

- 55 -  The oxi ayer 1s NIt O environnent and ahot her
oxidation is repeated to mnimze the pin hoI e Instead of nitridation, a
thin CVD silicaon nitride layer (about 6 nnm) can be deposited. Then
floating gate polysilicon is deposited conformally by CVvD and . vertically
et ched by .2 msthoddonfabricating an1elesriqally progremmasly rmm@rbréiewwé} ¢h has greater
dictates the sidewall dinension, which defines the floating gate |ength.
Si nce the €&Xfididnby okelectsoniigjection from the channel to the floating gate comprising:

providing a semiconductor substrate having isolated sufface regions therein;

providing source and drain regions with a channel therebetween within at least one of
said isolated regions;

said source and drain regions are at a level below the surface of said isolated regions;

forming a vertical step within-andrench at least one of said isolated regions having
said source and drain regions by etching into said substrate with its location between said
source and drain and to a depth of more than 300nm;

implanting to form an N- region over at least vertical step and in contact with said
drain region;

forming a floating gate structure over portions of said source and drain regions and
said channel, which structure includes a dielectric layer and a conductor layer thereover;

| said dielectric layer is formed on said step and said trench aﬁd said conductor layer is

polysilicon and is deposited over said dielectric layer within said trench and without of ;aid
trench;

said polysilicon layer is planarized to leave only that portion of said layer that is

within said trench to complete said floating gate structure; and



controlled very tightly (within 5%\T—I're—s—ﬂn&l—l—dj_r.rens;ons of hori zont al
channel length and Ln length are v defined, to neet the
preci se design goals, by these two f" mm’fam M of nltri_de and

pol ysilicon. The objective ‘'of nitridation ce of the nitride

| ayer over poly side wall oxide 630 is to reduce Ieakage current between
word gate 645 and floating gate 640, in order to inprove retention tine.
The nitride can be also be replaced by ~a ’Si1icon rich oxide to reduce the
tunnel erase voltage. After sidewall poly etch, the floating gate and the
contact poly ixd ckemneladidersaid floatidgsgate hamhmthﬂmdzemtal&mimltcompohgmmm ng
a photoresist mask (like the slit mask in a conventional floating gate
EEPROM process) and by careful reactive ion etch marked as 640S and 671S
in Fig. 11H Then thermal oxidation of poly silicon floating gate and

pur pose B 1 AT ALY PR pRs e eFgS PR CHEMA A v G BT | con

640 from contani nation and noisture. . The nornmal process
f ol | ows: cheapelds B0 th 14 degress ydienan¢asured fiom thehowizgatabSG  pl anari zati on by
Chem cal Mechanical Polish, opening of the contact hole, filling of the

contact hole by Wor Al or Cu, and netalization for wiring. The bird s eye
or top view of the

43. The electrically programmable memory method of Claim 41 wherein said vertical

channel is formed by etching to a depth of between 100 to 300 nm.



- 56 - ménory cell is exactly the same as shown in Fig. 10H A structure
of self aligned n-junction to step channel/drain region is achieved.

Thus the channel |ength, horizontal channel and step N-drain | engths under
the floating gate of the split gate can be precisely defined by two
sidewal | techniques. Self aligned contactg filled with polysilicon are

al so provided. Fig. 13A through Fig. 13G show a
fabrication HOWROIPYTACE EERRQH/ATERA SERANRES TR0 AN WHKING MFTHOD
variations of transistor 600b. Inmediately after formation of device

i solation (shallow trench ar S) , itride fl 652 still remains
with a thickness of 50nm M(Hém Iﬁ%(&.oa‘{ own in Fig. 13A. This
nitride filmis renoved by using a photoresist nask for the source 604 and
drain 606 regions in Fig. 13B. Then a CVD oxide filmwhich is slightly

t hi cker than e nhtrl Lihh@ i I as b do i i n
Fig. 13C andhgbl%g%ggqgca&%ghi?gﬁg%ggq%%ﬁgalm%ﬁggg}i§§%?§ﬁ. %ﬁg@h' has

pl anari zat i ongiieiten tef figlenaw @f tekechronsiniechier Browi fbs shopwicde

thickness of ab |@RStFRAMMIng GdtH r@:érﬁﬁrpé'{lﬁ?da £hpat+Rge9a0he10h8 LRRHELD
region, the floating ,%:itte area is, exposed w f%ghot oresi st mask 662 and
E1

the silicon i &0 FRFHROIFO M HY Yeriprn LehRbWReRh RBi §lopspng
Mil tiple Arsesite | sprastareadjwet i portienti | d£d saigl esotircaplaand ddiw t h

di fferent dos%%%%bn [€and said channel, which structure includes a

dielectric layer and a conductor layer thereover; and said
channel under said floating gate having both horizontal and
vertical components. The present invention also relates to
a method for fabricating said wmemory device.

(FIGURE 4 1S SUGGESTED FOR PUBLICATION)



performed to achi eve shallow junction 603, which will have a surface
concentration in the range of 1El7cnferr] to 5El 7cnferr] for the step

sidewal | 613, while the bottom surface of step 602 wll have a higher
doping level but less than 5E19cm . As an option, Boron can be

- 57 - inmplanted slightly deeper than the shallow Arsenic sidewal
junctionto create a higher electric fjghd at the horizontal and vertical
comer, which becone e injection point. After photoresist mask 662 is .
renoved, and the st ic i n oxide of 7- 12nm
is thermally grom,. al so sh NCNQN\ISE I'ysNl Ncon | ayer, which
shoul d be sligh Thicker an tnhe step depti, 1T3tNen conformal |y

e

A (1)

deposited by CVD, as showNby t Fi%*:g?ﬁ Thetpgbysi | i con

| ayer is planarized by {chemTal im (*ehPy gj_l_hﬂ?sdlrface IS
tystH con the step

slightly recess by dfy RLETh rning 1ried

regi on of Fig. ?@@4%€Eﬁﬁe§q§he_Lﬁoat ng gate. TAfker Bhe 8fng a
thin oxide layer, thejnitride film/52 is selgctively ved by
Phosphoric acid or cherjical dry etch. Rrter cl ani ng the surface, oxide
628 (7nnr15nn1tﬂﬂll i hermal |y grown over sellect” channgl gate 618 and
t he coupling oxide 630Lwhich is over the floating gate. i de 630 over
the polysilicon is slightly thlcke{Z%Pan OXId% P&Fr the silicon substrate,
due to the high

FIG. 14 — Prior ATt
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growh rate of the doped polysilicon. The oxide layer in nitrided in an NO
.environnent, and another slight oxidation is repeated to m nim ze

pi nhol es. Instead of nitridation, a thin CV/D nitride |layer (about 6nn) can
be deposited, as shown in Fig. 13F. Polysilicon for the select gate is
deposited conformally by CVD. The polysilicon layer is etched to separate
adj acent: select gates over the STl region, as illustrated in Fig. 13G
Thus, the nenory cell transistor 600d.,is obtained. Normal FET processes
foll ow, such as passivation, contact %6E% definition and netal wiring. The
bird's eye view of the nmenory cell is shown in Fig. 13H

- 58 - Uilizing the sane process, but elimnating the N+
drain formation in the previous design, the variation of high density cel
600e is obtained. High density nennry arrays can be realized by placing

many 600e-type transgégﬁgé in seriesY VWil e the
i nvention has been p Iarly shown an desribed with reference to the

preferred enbodi nents thereof, e u d “tood b gse skilled in he
art that various chang@g.qQ) f y be rrage chout departi ng
fromthe spirit and scope S
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of the invention.

59

to the floating gate conprising:
source and drain regions with a channel
a floating gate structure over portions

is clained is:
1. An electrically programmbl e nenory devi ce which has
greater efficiency of electron

i njection from

CLAI M5

t he channel

a substrate having

t her ebet ween;
sai d source and drain regions

sai d

and verti cal

menory
erti cal

8 @i d

egigﬁkghich

and said channel , ucture includes a dielectric
| ayer and a conductor |ayer thereover; and

channel under said_f Lng gate:having both horizon

conponent s. 5 ' Y programa

devi ce of é? im1 wherein said horizontal and

conponent hori zont al ertical channel,

verti cal chp

hori zontal channel is adjacgmnt

devi ce provideg i n operatiof\a I n

channel are | 'the direction

into the4¥F0LLﬂﬁd‘£iE§ﬂii_:;=_j
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portion of said floating gate structure over said vertical channel
3. The electrically programabl e nenory device of Caim2 said vertical

channel is between about 20 to 200nm i n depth.
4. The electrically programuabl e nenory device of Claim2 wherein the angle
of said vertical channel is between 30 to 150 degrees when

measured fromthe horizontal. /19 5. The electrically
programuabl e menory device of Claim?2 wherejn vertical channel under
said floating gate is of Ntype nateriaﬂ?1ﬁgghtly doped in the range of
1E17 to 1E19 per cnferr]. ' ARE
- 60 - 6. The electrically programmabl vice of Claiml wherein
an extention of said horizontal channel is covered with another control
gate (not floating); and said vertical and %tep channel are covered with a
floating gate whereby said horizontal channel and the vertical channel are
electrically controlled by two separate gates to allow injecting el ectrons
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to nove straight in the direction of notion, into the vertical floating
gat e. 7. The single polysilicon EPROM nenory cell conpri sing: a
series of a conventional FET transistor and a floating gate device;

said floating gate device having a horizontal and vertical step

channel /drain wherein the overlapped | ength of step N-drain |ength under
the floating gate is intentionally |onger than the horizontal channel
region, in order to increase coupling capatdtance between drain; and

said horizontal channel /drain is normally 'on'. 8. The single i
pol ysilicon EPROM nenory cel |l conpri sing: a floating gate nmenory
transi stor having a horizontal and vertical step channel/drain;

and an external coupling capacitor; wherein the gate of said

capacitor is formed of the sanme conductor material as floating gate and
connect ed toget her; 500c¢ said horizontal cha n |55(90r@||y "of f; and
said floating gate nmendry transistor is selected appryirmg—a voltage to
the other termnal diffusion of said coupllng cSEaC|t
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9. The single polysilicon EPROM nenory cell conprising: a floating
.gate nenory transistor having a horizontal and vertical step channel/drain;

and a coupling capacitor; wherein the floating gate of said
transistor is connected to said coupling capacitor, wherein the overl apped
| ength of step N-drain length under the floating gate can be small, but

the coupling capacitor is at |east Iar% 9than said floating gate

transi stor area to increase the couplihg ratio; said horizontal channel is
normal ly "off, said nenory transistor is selected by applying a voltage
across the coupling capacitor. + 10. The EPROM nenory cell of Caim9
wherein reliabl am oper ati ons. i he sane
side of said stgp junction in said floating gate nmenory transisfor with a
step chan@&8®8rai n structure, provided by a deeper N-drain junc ioq%ﬁggn
that for source | and |ighter dd Ngh vol t age i ng
fromthe floating gate to N-drdi olysilicon
645
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a floating stack gate nenory transistor with source, drain and channel and
having a horizontal and vertical step channel/drain structure that

provi des efficient electron injection fromthe channel to said floating
gate; and means for reliably erasing of said nenory
cell at the said horizontal and vertical step junction provided by a
deeper N-drain junction than that for source and |ighter doping to

wi t hstand hi gh voltage for tunneling fron1the floating gate to N-drain

di f fusi on. 12. A double polysilicon split gate EPROM nenory cel

conpri si ng: a floating split gaté menory transistor with source,
drain and channel and having a hori zontal and verti cal step channel /drain
structure that provides efficient electron injection fromthe channel to

said floating gate; and means for reliably erasing of said nenory
cell at th 8 { d horizontal and vertical step junction provided by a
deeper N-dr unction than that for source and lighter doping to
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wi thstand a high voltage for tunneling fromthe floating gate to N-drain
di ffusi on. 13. A doubl e polysilicon gate EPROM nenory cell conpri sing:
a double polysilicon floating gate transistor having a horizontal and
vertical step channel/drain; structure having efficient electron
I njection fromthe channel to said floating gate; a control gate;
the length of overlapped floating gate ®1&r N-drain diffusion is adjusted
to be longer than horizontal channel |ength; and

- 63 - means are provided tQ erase said nenory cell by tunneling
charge fromsaid floating gate|tio{sai® control dgat4qg. 14.| The single
polysilicon EPROM nenory cell off Clai m¥ wher ¢i n|negns {are prpvided for
sel ected word line erase for smyglg leragk bl ock sitze jand extenfed endurance
by m nim zing -; _g nlonlnlnl o
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unnecessary progranierase cycles in floating gate transistors. 15. The
doubl e polysilicon stack EPROM nenory cell of C aim 11l wherein neans are
provi ded for erase operations by adjusting the | ength of overl apped
floating gate over N drain diffusion |onger than the horizontal channel

|l ength and with said drain junction as shallow as said source junction.

16. The double polysilicon split gate EPROM nenory cell of Caim 12 wherein
nmeans are provided for erase operations 9¥ adjusting the | ength of
over |l apped floating gate over N- drain 3i ?usion | onger than the

hori zontal channel |ength and witth said drain junction as shallow as said

source junction. 17. A non-vol atile RAM conbi ning the operating features
of | ow voltage rﬁ@@@m’n’ ng and polysilicon to polysilicon erase
conpri si ng: -a substrate having source and drain regions with a

channel therebetween;
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- 64 - a floating gate structure over portions of said source and
drain regions and said channel, which structure includes a dielectric

| ayer and a conductor | ayer thereover; sai d channel under said
floating gate having both horizontal and vertical conponents; and

a word-line select gate |ocated over a portion of said horizontal channel
conponent . 18. The non-volatile RAM of Caim 17 wherein there is

provi ded neans for |ow voltage progranniqﬁ ﬁpd means for polysilicon to
pol ysilicon erase operation. 19. Atrip é polysilicon electrically
progranmabl e menory devi ce which has greater efficiency of electron
injection fromthe channel to the floating gate conprising: a
substrate having source and drain regions with a channel therebetween;

a vertically stacked polysilicon floating gate stffz2ure over portions of
said source and drain regions and said channel, ich structure includes a
dielectric layer and a sai d channel

olale Q d\/ £ pereover.
under said fl oapng—gateldadiaglbat i/ horilzantdl s and ok te

conponent s; and sald vertical stacked tToalrfng gate sfructure is
in series5# th—e- horizonjal FET device 1 454
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haV|ng a separated pol ysilicon gate, wherein electrons are accelerated in
the horizontal channel and injected into the vertical floating gate,
utilizing the said electron injection mechanism 20. The
triple polysilicon electrically programable nmenory device of Claim19
wherein there is provided and extension of said horizontal polysilicon
gate over said floating gate and whereby eligdbrons are stored on the
floating gate are erased and renoved by tunneling fromthe floating gate
to the horizontal polysilicon gate. 21._A nmethod for fabricating an
electrically programmuabl e nmenory ‘d4 $ efficiency of electron
i njection fromthe channel to fl oat [ |S|nq_ providing a
substrate having source and drain r | chann § t her ebet ween;
providing a floating gate 4 t $ of said source and drain
regions and said channel, which st r es a dielectric layer and
a conductor |ayer thereover d f.ANchannel er said floating
gate having both horlzonta145ﬂﬁ pLox:? It s. 449
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22. The nethod for fabricating an electrically progranmabl e nenory device -
6f Caim21 wherein said horizontal and vertical conponents are a

hori zontal channel and a vertical channel, and the said vertical channel
is adjacent to said drain region and said horizontal channel is adjacent
to said source region which device provides in operation accel erated

el ectrons in the horizontal channel are iipyercted straight in the direction
of nmonmentuminto the vertical channel and the vertical portion of said
floating gate structure over saigipgrtical aglmnnel 4
- 66 - 23. The electrically progranmable nenpry net
vertical channel is n IS PO ge
hori zont al . 24. %ﬁhﬁeﬁgz?rice
wherein said vertica chaphel i
a field effect devic Ngan
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25. The electrically programmable nenory nethod of C aim 23 wherein said
vertical channel is fornmed by etching in the early stages of a field

ef fect device fabrication. between 20 to 300 nmin depth. 26. The

el ectrically programrabl e nenory nmethod of C aim25 wherein after formng
said vertical channel and using the sanme nmask to define the vertical
channel step; a ion fromthe group consBgtd ng of phosphorus, arsenic, and
antinony is inmplant to formthe N-drain self aligned to the vertical

channel step region. 27. The net hod Claim 26 wherein said floating
gate is formed over said v@B&caly chanfil/ step by forming a tunnel silicon
oxi de upon said channel, and form a firs | ysilicon ydayer thereaver
and patterniggjo f gfm saijd f\l qat i ng4 .é5%328. The mgt hod gi—< dgpe%é?
wherein a st at € ny celilyrt=l] : : 7 .
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29. The nethod of claim 27 wherein a split gate nenory cell is formned.

30. The nethod of Claim 26 wherein a control gate is forned over said
floating gate by depositing a conposite dielectric |ayer over said first
polysilicon | ayer and a second polysilicon |ayer thereover and patterning
to formsaid control gate. 31. A nethod for fabricating an electrically
programubl e menory devi ce which has greal/gey efficiency of electron
injection fromthe channel to the floating gate conpri sing:

provi ding a sem conduc% g gs@r@ueohavi ng isol ated surface regions

t herei n; provid{ng 5qurcejand dg?g r egi ops—wirtt "a"chdnnel

t her ebet ween wi t ji-maf” [east lone ¢f <wi'd;I'sol ated regions; I

forming a verti¢al step\w thi \at \| easty ohe of gaid isol ated rlegi ons havi ng

said source angd drain regions tchidgfintq gaid s eAMth its
| ocati on betwee ' [n dnd to a d_de 671
inmplanting to f an { east verfN I n cont act
with ei 0 ' DX CR & ' gi ons; ' 8143t i ng
gate structure ;6 | ORS | rce and ' . ssgnd said
channel , which e44 N i and & confluct gfghkayer
t hereover; and said c el unEer aid f§l aji ng g&atLe 1 Ng bot h
hori zontal and jertica nt
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- 68 - 32. The nmethod of Caim31 wherein a control gate is fornmed over
said floating gate by formng a conposite dielectric |ayer over said
floating gate; formng a polysilicon |ayer thereover and patterning said
polysilicon |ayer to define the said control gate. 33. The nethod for
fabricating an electrically programmbl e nenory device of Claim31l wherein
said horizontal and vertical conponents ang&/# horizontal channel and a
vertical channel, and the €/& vertical channel is adj acent to said drain
regi on and said horizont@7 1chaighéb i §4ddj ad@B0 to sai d source regi on which
devi ce provides in operat i(on ccqgleratgd el egtrons in the horizontal

channel are injected [stTjlght/in monentum into the
vertical channel arng it oS _saj diftoatg—eate structure
over said vertical ha I 34{f The qlectricdlly priggranngbl e nenory
method of O ai m 31 % d\ rticg{ chignnel ijs between\ZO tio 3qO\nm i n depth.
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35. The electrically progranmabl e nenory nethod of Caim 31 the angle of
said vertical channel is 30 to 150 degrees when neasured fromthe

hori zontal . - 36. The electrically programmbl e nenory nethod of C aim 31
wherein after formng said vertical channel and using the sane mask to '
define the vertical channel step.

- 69 - 37. The nethod of Claim31 mherﬁgg said floating gate is fornmed over
said vertical channel step by wherein I"d dielectric layer is made by
formng a tunnel silicon oxig®upon said channel and Said conductive |ayer
is formed by formng a first ;polysilicon |ayer thereover and patterning to

formsaid Rlgating ' e nethod of C aim 31 wherdf tack gate
menory cel E@gﬁn%%m“ met hod of cl aim 31 wherein i o)
! 882
rmmnycmllsfowmq ///657 657,,
, \J

645\-’—' /

QS_~671

% — 645

j \S_—J \t N —7 M‘*}-———GM

604— 658 64-5 602

FIG. 12B

671 630 640 680

[ANNANSNSNSNE

6572 / -
629 ; <

545 / 7 ~ N—-671

AN 645

N+ 604

N+
601 |

1 \ i 1 Y
604 658 /645 \ 608 602
618 620

FIG. 12C




e ——————__

40" A nethod for fabricating an electrically programuable nmenory device
whi ch has greater efficiency of electron injection fromthe channel to the

floati ng gate conpri sing: provi ding a sem conduct or substrate
having isol ated surface regions therein; formng a word |ine gate
structure within at | east one of said regions; : form ng a source
regi on adjacent to a word |line gate structime; formng an N- drain
regi on adj acent to said QE%?rd IiQ§5qate structure but spaced from said
source region; fornng a vejtical step within said at |east one of
said isol ated regions having said ﬁ( drain region by etching into said
substrate with its |locati on between said source and drain and to a desired
dept h; , r i e [regron WMthin said
an N drain redion; fornrmg—acontact—to—satre—gource rggion to be a
word | i 54 -
70 - fl oati ng gate structure over por sai d source

and drain regiopns and
| ayer and a con

fl oati ngg@nate_h

sai d channel, which structure
ayer thereover; and sai d
ing both horizontal and vertical conponents.

dielectric
under said
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4%, A method for fabricating an electrically programmuable nenory device
whi ch has greater efficiency of electron injection fromthe channel to the

floati ng gate conpri sing: providing a sem conductor substrate
havi ng i sol ated surface regions thereln provi di ng source and
drain regions with a channel there en mnbz$ at | east one of said

| sol at ed regi ons; said so and d regions are at a |l eve
bel ow t he surface of said isol ated regions; form ng a vertica
step within and tri&ac a NEROTNSN i g0l ated r &GIY] sai d
source and NO CRl g I\Qt O\ shi df substrat ¢ j oc n
bet ween salgézour dN\dry] Ma pt 1] of nore t ) %tég
i nplanting to for Asy vert Featstep>an cont act
with said drain fegion; | - A orifh £l oat i gate structyre over
portions oG54 urce a In[reg ns'dd saj/y Nk nel, whigh 54
structure include$ a dieledtric | ayer and ! cior |agyer the‘aover

said dielectric | ayer is rmed on sail\d st z aidt egch and {sai d
conductor |ayer i | Ncon and i s\deppsited pver gai fric |ayer
w thin salq%ﬁ r,enchl and wit hout of Baid)} tranch; sai d poly5|llcon
| ayer is pl J to |l eavejonly {hat jportyon off said|{|layer that}is
within said trenc ' ' :
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d

.71 -

sai d channel under said floating gate having both horizontal

‘and vertical conponents. 42. The electrically programmabl e nenory nethod
of Clai'm4l said vertical channel is channel is 30 to 150 degrees when

measured from the hori zont al

43. The electrically programuabl e nmenory

met hod of Claim4l wherein said vertical channel is fornmed by etching to a-
depth of between 100 to 300 nm
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1. An electrically programmable memory device which has greater efficiency of electron
injection from the channel to the floating gate comprising:
a substrate having source and drain regions with a channel therebetween;

a floating gate structure over portions of said source and drain regions and said

channel, which structure includes a dielectric layer and a conductor layer thereover; and

said channel under said floating gate having both horizontal and vertical components.

2. The electrically programmable memory device of Claim 1 wherein said horizontal and
vertical components are 2 horizontal channel and a vertical channel, and the said vertic?l
channel is adjacent to said drain region and said horizontal channel is adjacent to said source
region which device provides in operation accelerated electrons in the horizontal channel are
injected straight in the direction of momentum into the vertical channel and the vertical

- portion of said floating gate structure over said vertical channel.

3. The electrically programmable memory device of Claim 2 said vertical channel is between

about 20 to 200nm in depth.

4. The electrically programmable memory device of Claim 2 wherein the angle of said

vertical channel is between 30 to 150 degrees when measured from the horizontal.

T

5. The electrically programmable memory device of Claim 2 wherein vertical channel uncier

said floating gate is of N-type material, lightly doped in the range of 1E17 to 1E19 percm®.



