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New non-volatile memory devices fabricated from

- graded or stepped energy band gap insulator MIM or

MIS structures are described. With the graded or
stepped 1nsulator, electrons or holes can be injected
from the gate electrode at low to moderate applied
fields. The carriers flow under the applied field into a
wide energy band gap insulator having a prescribed
charge trapping layer. This layer captures and stores
electrons (write operation) or holes (erase operation)

- with 100% efficiency. _
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NON-VOLATILE MEMORY DEVICES |
FABRICATED FROM GRADED OR STEPPED
ENERGY BAND GAP INSULATOR MIM OR MIS
STRUCTURE

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue.

BACKGROUND OF THE INVENTION

The present invention generally relates to improved
semiconductor devices which use a graded band gap
structure to promote the injection of holes or electrons
-at one interface of an insulator, while, simultaneously,
electron or hole injection from the opposite interface is
blocked and which use a trapping layer to capture holes
or electrons with 100% efficiency. More particularly,
the present invention, in a preferred embodiment, re-
lates to a graded oxide metal-silicon dioxide-silicon
(GOMOS) semiconductor structure which is useful 1n

forming a more efficient memory function.

- FET memory devices are known in the art. One such
device employs a MII1S structure wherein I; and I
denote first and second insulator layers. The I;1; inter-
- face may include a metallic impurity which provides a
well-defined electron trapping region. The presence or
absence of trapped electrons in this region is used to
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define a memory function either by different values -of 30

capacitance of the structure or by monitoring the value
of source-drain current as affected by the trapped elec-
tron charges in the presence of suitable applied gate
voltages. Metallic impurities are not always required at
the I;1 interface as the same effect can be realized by
using two different kinds of insulators. For example,
one such known device employs an MNOS structure
where a thin oxide film is first formed on a silicon sub-
strate, and over this thin oxide film is laid a much
thicker silicon nitride film. In this structure, electrons or
holes are trapped in the silicon nitride layer. There is a
disadvantage associated with this particular structure,
however, and that relates to the thin oxide layer. This
oxide layer must be quite thin, on the order of about 20
A thick, in order to allow tunneling of the electrons or
holes from the Si substrate. Reliability problems have
been encountered with memory devices with this thin
tunnel oxide layer because of the high fields across it
during operation. -

U.S. Pat. No. 4,104,675 and assigned to a common
assignee discloses a device which uses a graded band
gap siructure to make a charge storage device wherein
injection of holes or electrons from one contact is possi-
ble without simultaneous injection of electrons or holes
from the other contact. The patent shows a structure
employing the band gap reduction in an GOMOS FET
which performs a memory function. The GOMOS
structure employs hole trapping near the Si—SiQO; inter-
face with the structure in an FET configuration. The
“write’”’ step involves hole injection from the gate elec-
trode under moderate positive voltage bias and trans-
port to the S1—Si(0; interface where some of the posi-
tively-charged holes are trapped in a very stable man-
ner. The “erase” step involves electron injection from
the gate electrode under moderate negative voltage bias
and transport to the S1—8i10; interface where the elec-
trons would annihilate trapped holes very readily. The
“read” operation uses the conductance of the silicon
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surface to sense the charge state of the oxide region near
the S1—S10; interface and uses low gate voltages to
prevent further charging of this region.

The band gap graded structure may be fabricated by
forming several pyrolytic or CVD Si10; layers over a
relatively thick thermal SiO; layer with the pyrolytic
510, layers having sequentially increasing excess Si
content. The structure may also be fabricated by con-
trolled S1 1on 1mplantation in the thermal 5103 layer.
The structure can also be fabricated using plasma de-
posited layers of S10; graded with Si. Other insulating
layers which given enhanced carrier injection from the
gate electrode due to actual band gap reduction or ef-
fective band gap reduction (for instance, by trap assisted
tunneling) are also possible.

The devices having the structure shown in U.S. Pat.
No. 4,104,675 have the disadvantages of having the
charge trapping region being process dependent, suffer
from surface state build-up at the Si—SiQO; interface due
to the passage of holes, are sensitive to “hot” carrier =
injection from the Si substrate due to the presence of the
trapped holes, and require hole injection and trapping
to be the first operation since these traps do not capture
electrons without the presence of the holes first.

SUMMARY OF THE INVENTION

The present invention uses an improved graded band
gap structure to make a charge storage device wherein
injection of holes or electrons from one contact is possi-
ble without compensating injection of electrons or holes
from the other contact. The improvement is the inclu-
sion of a charge trapping layer in the thick insulator
region adjacent to the silicon semiconducting body.
The trapping layer is situated at a distance of approxi-
mately 50 A or more from the Si-insulator interface to
prevent trapped carriers from tunneling from this layer
to the Si substrate.

This trapping layer captures and stores either elec-
trons (write operation) or holes (erase operation) with
as close to 100% efficiency as possible, unlike the prior
art device of U.S. Pat. No. 4,104,675 which 1s capable of
trapping holes only. Electrons will annihilate these
trapped holes, but they are not captured when the hole
traps are empty and in a neutral charge state. In the
present invention, the write and erase operations can be
interchanged 1f holes are injected first to write and the
electrons are used to erase.

The band gap structure may be fabricated by the
method disclosed in the above-mentioned U.S. Pat. No.
4,104,675 and 1s incorporated by example herein. The
structure 1s fabricated by forming several pyrolytic or
CVD 810, layers over a relatively thick thermal S10;
with the pyrolytic Si0; layers having sequentially in-
creasing excess Si content. The trapping layer may be
formed by controlled impurity ion-implantation, by
diffusion of the impurity into the relatively thick ther-
mal S10; layer, or by deposition of the impurity on
thermal S103 with stoichiometric CVD Si10; isolating it
from the injector region consisting of the Si rich CVD
S103 layers. |

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1(a-c) are zero field energy band diagrams for
prior art MIS structures, stepped insulator MIS (SI-

MIS) structures, and graded insulator MIS (GIMIS)
structures, respectively.
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FIGS. 2(a-c) are energy band diagrams for negative
gate bias electron injection from the gate electrodes for
the structures represented by FIG. 1.

FIG. 3 1s an energy band diagram for negative gate
bias for a GIMIS structure showing electron injection

and subsequent capture in a purposely introduced

charge trapping layer in the wide band gap insulator
near the insulator-silicon interface.

FIG. 4 1s a diagram depicting the high frequency
capacitance as a function of the gate voltage for a
SIMIS structure (a) an as fabricated virgin SIMIS, (b)
after electron injection and trapping, and (c) after hole
injection and trapping.

FIG. 5§ 1s a cross-sectional view of a SIMIS FET
structure according to the invention.

FIG. 6 i1s a cross-sectional view of a GIMIS FET
structure according to the invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

A novel type of semiconductor device which can be
used for electrically-alterable-read-only-memory (EA-
ROM) is described. This device 1s formed by stepping
or grading the energy band gap near the metal gate
electrode of a metal-insulator-semiconductor (MIS)
structure as shown in FIG. 1a.

FIGS. 1b and 1c are illustrative of the structures of
the present invention. With these types of structures
electrons or holes can be injected from the gate elec-
trode more easily into the insulating layer with less
applied voltage. The stepped or graded regions in this
drawing are kept thin compared to the thermal oxide
region to minimize the effects of trapped space charge
in the graded or stepped regions on the electric fields at
the interfaces which control carrier injection and
charge sensing.

FIG. 2 1s illustrative of the ease of injection. It shows
the effect of negative gate voltage bias (electron injec-
tion) where the average electric field in the bulk of the
wide band gap insulator is the same for FIGS. 2a, b and
c. Clearly, the GIMIS FIG. 2c structure is a better
injector than the MIS (FIG. 2a) or SIMIS (FIG. 2b) due
to the smaller energy barrier at this interface and there-
fore shorter tunneling distance. The band distortion in
the stepped or graded region is typical for realistic ma-
terials which all have high dielectric constants than
S10».

Electron or hole injection from the semiconductor
substrate will not simultaneously occur due to the larger
energy band gap (see FIG. 1) that those carriers “see”
for the same average electric fields that produce injec-
tion (via tunneling) from the top gate contact.

Using the graded or stepped energy band gap insula-
tor-MI1S system, a non-volatile semiconductor structure
can be fabricated which uses the substrate Si-insulator

interface strictly for sensing storage charge (“read”

operation) in a purposely introduced charge trapping
layer in the wide energy band gap insulator (as shown in
FIG. 3). Ion implanted As and P, deposited W less than
a monolayer thick, and deposited polycrystalline silicon
can be used for this trapping layer which will capture
either injected electrons or holes. The “write” (“‘erase”)
operation 1s achieved by electron (hole) injection or
vice versa at low to moderate average electric fields
(2-5 MV /cm are typical) from the gate electrode for
negative (positive) voltage bias, and the subsequent
capture of preferably all injected electrons (holes) in the
trapping region. This separation of sensing and charg-
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ing operations makes this structure unique compared to
other types of non-volatile memory structures, or their
variations, such as floating-gate-avalanche-injection-
metal-silicon dioxide-semiconductor (FAMOS) or met-
al-silicon nitride-silicon dioxide-semiconductor
(MNOS) structures. GIMIS and SIMIS devices also

potentially have other advantages over these EAROM
structures. Some of these are the following:

1. Low voltage 1s required. Local fields at the sub-
state Si-insulator interface are low, interface state gen-
eration should be minimized, and this interface should
not deteriorate. MINOS structures are believed to dete-
riorate with cycling due to high electric fields at the
Si-tunnel SiO; interface. Low power is also required for
the GIMIS or SIMIS structures since large Si currents
are not required as in EAROMs which use avalanche
injection from the Si to charge traps such as FAMOS
structures.

2. Interface state generation or trapped charge
buildup at the Si—SiO; interface due to “hot” carrier
injection from the Si substrate will not occur. FAMOS
structures or their variations have these problems
which limit the number of cycles they can be put
through.

3. GIMIS or SIMIS structures can be electrically
“erased” in place in short times with the same type of
charge retention as FAMOS devices. FAMOS-like
structures are difficult to erase and require ultra-violet
light and long times (minutes to hours) to photodetrap
electrons on the floating gate embedded in the SiO»
layer.

In one embodiment of the invention a structure is
fabricated to demonstrate GIMIS or SIMIS type opera-
tion. The structure fabricated is a variation of an MNOS
device. However, unlike the MNOS structures which
have a thick Si3Ng4 trapping layer to store charge and a
thin tunnel oxide of ~20-30 ,g thickness grown on the
Si substrate, the SIMIS devices have thick oxide and
thin nitride layers. The thin Si3N4 (5.2 eV band gap, 7.5
low frequency dielectric constant) is used as the elec-
tron or hole injecting layer and not a charge storage
layer as in a standard MNOS structure. The energy
band diagram for the type of SIMIS structure is similar
to that shown in FIGS. 1b and 2b. The thermal SiO;
layers (9 eV band gap, 3.9 low frequency dielectric
constant) in these SIMIS structures were grown on
<100>2 ) cm p-type Si substrates at 1000° C. in O3 to
thicknesses between 400-1300 A. The SizNy layers are
chemically vapor deposited (CVD) to thicknesses be-
tween 25-600 A at 810° C. with a NH3/SiHj ratio of
150/1 on top of the SiO; layer. |

The charge trapping region is formed in the thick
S10; layer by using ion implanted As prior to the Si3Ng4
deposition. After implantation a 1000° C. anneal in N3
for 30 min. 1s performed to remove radiation damage
followed by a 500° C. forming gas anneal for 30 min. to
reduce surface states at the S1-SiQ; interface. Then the
S10; surface is cleaned of metals and hydrocarbons.
Finally, an Al metal gate electrode is deposited on top
of the Si13Ny layer.

FIG. 4 shows the “write” and “erase” operation of
one of these SIMIS structures. This structure was
formed from a 1334 A SiO; layer and a 298 A Si3N4
layer. An As implant at a fluence of 1X 1010 jons/cm? at
an energy of 40 keV was used to form the trapping
region for electrons and holes. This heavy fluence was
used to insure 100% trapping of injected carriers. Ligh-
ter fluences, which were also studied, were not as effec-
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tive. Negative (positive) gate voltages, producing a
- moderate average field in the Si03, were used to inject
electrons (holes) which were trapped on As-related
sites. This moved the high frequency (1 MHz) capaci-

tance-voltage curves to more positive (negative) volt-

ages due to the change in the internal electric fields as
sensed by the Si substrate. Without the trapping region,
no significant charge storage effects were seen under
the conditions listed in FIG. 4. The Si3zN4layer was kept
as thin as possible relative to the oxide layer to minimize
trapped space charge effects in this layer which would
limit injection efficiencies.

Scaled down structures similar to that in FIG. 4 with

an oxide thickness of 550 A and a nitride thickness of 50

A were also fabricated. The trapping layer for these was
formed using a 10 keV implant to prevent n-type doping;
of the p-type Si substrate with As. Thinner oxide layers
were not possible due to this doping effect, and lower
energy implants at fluences of 1X10!6 ions/cm? were
also difficult due to the implantation times involved.
Other structures with oxide and nitride thicknesses and
10n energies between this and those in FIG. 4 were also
fabricated. All structures behaved in a fashion similar to
- that in FIG. 4 for comparable conditions with applied
voltage requirements decreasing with msulator thick-
ness.
- The SIMIS structures described (see FIG. 5) here
having ion implanted oxide layers and an injecting layer
of smaller energy band gap Si3N4 can be cycled repro-
ducibly between the “written” and “erased” states after
the first few cycles. Once written, “read perturb” ef-
fects at room temperature were fairly low with only a
small percentage of trapped electrons being lost or com-
pensated at the low average fields required for actual
read operations in a field effect transistor (FET) struc-
ture,

Some preliminary FET structures were fabricated
using a floating polycrystalline Si charge storage layer,
on thermal $iO2 with thin CVD SiO; and Si3Ny layers
between it and a top gate electrode also of poly-Si.
These structures switched as would be expected for
SIMIS operation at voltages as low as 15 V with mini-
mal “read perturb” at voltages <6 V.

It should be noted that in these floating gate type
structures there may be injection regions, separate and
apart from the gate region.

As seen in FIG. 2, a GIMIS structure is a more effi-

cient carrier injector than a SIMIS structure. A graded

band gap is pictured as a stepped band gap with an
infinite number of steps.

~ Another type of injector using a CVD or plasma
deposited S10; layer with increasing Si content and
therefore decreasing energy band gap and resistivity
can also be fabricated. CVD structures were shown to
be extremely efficient electron injectors and fairly good
hole injectors. In these structures, = 106 times the elec-
tron current and ~102 times the hole current were
observed for the same average thermal SiO; electric
fields as compared to structures without the Si rich
CVD Si0; injecting layer.

- Other materials to grade the 8102 layer to a metal or
poly-Si gate electrode contact with low frequency di-
electric constants equal to or less than that of thermal
5102 which has a value of 3.9 are desirable.

The best possible GIMIS structure would requlre
complete grading of SiO; to a top gate electrode of
polycrystalline Si. This can be accomplished using low
temperature plasma deposition techniques as opposed to
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CVD deposition techniques in which only 10% Si at
most can be incorporated into the SiO; film.

GIMIS devices can be fabricated according to the
method disclosed in U.S. Pat. No. 4,104,675 commonly
assigned, which method is herein incorporated. Typi-
cally the fabrication is as follows:

Starting with a single crystal silicon substrate, a rela-
tively thick thermal SiO; insulator layer is grown. Over
this thermal oxide insulator layer are deposited succes-
sive pyrolytic or chemical vapor deposition (CVD)
S10; layers. In FIG. 6, three such layers are shown, but
any number of layers may be used. Each pyrolytic oxide
layer is relatively thin compared to the overall thermal
oxide Insulator layer; and each successive pyrolytic
oxide layer has an increasing amount of excess silicon. It
1s known that pyrolytic oxide layers can be formed with
excess silicon as described, for example, in U.S. Pat. No.
3,649,884. The number of pyrolytic layers, the thickness
of each layer, and the amount of excess silicon in each
successive layer is a matter of design choice.

The thick oxide layer is ion implanted to form a trap-
ping layer as descibed above for the SIMIS type struc- -
ture. A trapping layer can also be formed by diffusing or
depositing an impurity such as W prior to CVD SiO»
deposition. This impurity would be isolated from the
graded injector region with a stoichiometric CVD 5102
layer.

While the invention has been described in terms of
preferred embodiments, those skilled in the art will
understand that various modifications can be made in
the practice of the invention without departing from the

- scope of the appended claims. For example, although

33

40

43

30

35

65

the preferred embodiment of the invention has been
described in terms of MNOS and MOS siructures, the
teachings of the invention are equally applicable to
metal-insulator-metal (MIM) or MIS structures. More-
over, while the gate structure of the preferred embodi-
ment has been described as comprising an aluminum
contact, those skilled in the art will recognize that other
metals or semiconductors could be used. Specifically,
polycrystalline silicon could be deposited over the py-
rolytic oxide layers to form the gate electrode contact.

Having thus described our invention, what we claim
as new, and desire to secure by Letters Patent is:

1. A metal-insulator-metal or metal-insulator-semi-
conductor structure, wherein the band gap of the insula-
tor layer at its first interface only is reduced to provide .
an injection region where holes or electrons depending
on voltage bias, can be injected into the insulator under
low to moderate electrical field conditions from the
contact at this interface while, simuitaneously, electron
or hole injection from said insulator’s second interface is
blocked due to the large insulator band gap near said
second interface, the improvement being a charge trap-
ping layer embedded in said insulator near its second
interface for capturing and storing injected electrons or
holes with high efficiency.

2. The device of claim 1 comprising a silicon substrate
having thereon a relatively thick insulator having em-
bedded therein a layer of impurity atoms proximate to
said insulator’s second interface at said substrate and
said thick insulator having a decreasing band gap in the
vicinity of its first interface, said decreasing band gap
being produced by ion implantation.

3. The device of claim 1 comprising a silicon substrate
having a first relatively thick oxide insulator thereon
said insulator having embedded therein a layer of impu-
rity atoms proximate to its interface with said substrate
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and over which is deposited a relatively thin layer of
Si3N4 and a metal or semiconductor contact on the
deposited Si13Ng4 layer.

4. The device of claim 1 comprising a silicon substrate
having a first relatively thick oxide insulator thereon

said insulator having embedded therein a layer of impu-
rity atoms proximate to said its interface with said sub-
strate, and over which is deposited a plurality of rela-

tively thin pyrolytic or plasma oxide layers, each suc-
cessively deposited pyrolytic or plasma oxide layer
containing an increasing excess silicon content, and a
metal or semiconductor contact on the last pyrolytic or
plasma deposited oxide layer.

5. A stepped insulator metal-silicon dioxide-silicon
SIMOS FET structure having an injection region adja-
cent to the gate electrode, said injection region compris-
ing a thin stepped band gap insulator adjacent to a rela-
tively thick silicon dioxide insulator layer having em-
bedded therein a layer of impurity atoms.

6. A stepped insulator metal-silicon dioxide-silicon
SIMOS FET structure of claim 5 wherein the gate
structure comprises a relatively thick oxide on a silicon
substrate and a relatively thin layer of Si3N4 formed
over the oxide.

7. An improved graded oxide metal-silicon dioxide
silicon GIMOS FET structure having an injection re-
gion adjacent to the gate electrode, said injection region
comprising a thin graded band gap, said improvement
being a layer of impurity atoms embedded in an oxide
layer adjacent to the silicon substrate.

8. An improved GIMOS FET structure as in claim 7
wherein the structure comprises a relatively thick oxide
on a silicon substrate, having embedded in said oxide a
layer of impurity atoms and a plurality of relatively thin
pyrolytic or plasma deposited oxide layers formed over
the oxide, each successive pyrolytic or plasma depos-
ited oxide layer containing an increasing excess silicon
content. |

9. In a MOS FET device for performing a memory
function said device being of the type comprising a
silicon substrate having source and drain regions
formed therein and an insulated gate structure formed
between said source and drain regions, and wherein the
band gap of the insulator of the insulated gate structure
is reduced near the gate electrical contact interface to
provide an injection region wherein holes or electrons
depending on voltage bias, can be tnjected into the
insulator under low to moderate electric field condi-
tions from the gate electrical contact while simulta-
neously, electron or hole injection from the substrate
interface is blocked due to the large insulator band gap
at this interface, the improvement being a layer of impu-
rity atoms embedded in said gate oxide proximate to the
oxide-silicon interface for capturing and storing in-
jected electrons or holes with high efficiency.

10. The MOS FET device of claim 9 wherein the
insulator comprises an oxide having a thin layer of
SizN4 deposited thereon to provide a low band gap
insulator in the vicinity of the gate electrical contact
interface.

11. The MOS FET device of claim 9 wherein the
insulator comprises an oxide having a decreasing band
gap in the vicinity of the gate electrical contact inter-
face, said decreasing band gap being produced by ion
implantation.

12. The MOSFET device of claim 9 wherein the
insulator comprises a first relatively thick oxide layer
over which i1s deposited a plurality of relatively thin
pyrolytic or plasma oxide layers, each successively
deposited pyrolytic or plasma oxide layers containing
an increasing silicon content. |
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13. A metal-insulator-metal or metal-insulator-semi-
conductor structure, wherein the band gap of the insula-
tor layer at its first interface only is reduced to provide
an injection region where holes or electrons depending
on voltage bias, can be injected into the insulator under

low to moderate electrical field conditions from the
contact at this interface while, simultaneously, electron
or hole injection from said insulator’s second interface is

blocked due to the large insulator band gap near said
second interface, the improvement being a floating
polycrystalline silicon charge storage layer in said insu-
lator near its second interface for capturing and storing
injected electrons or holes with high efficiency.

14. The metal-insulator-metal or metal-insulator-
semiconductor structure of claim 13 wherein said injec-
tion regions is separate and apart from said gate region.

15. A stepped insulator metal-silicon dioxide-silicon
SIMOS FET structure having an injection region adja-
cent to the gate electrode, said injection region compris-
ing a thin stepped band gap insulator, adjacent to a
relatively thick silicon dioxide insulator layer having a
floating polycrystalline silicon charge storage layer
therein.

16. A stepped insulator metal-silicon dioxide-silicon
SIMOS FET structure of claim 15 wherein said injec-
tion regions are separate from said gate region.

17. An improved graded oxide metal-silicon dioxide
silicon GIMOS FET structure having an injection re-
gion adjacent to the gate electrode, said injection region
comprising a thin graded band gap insulator, said 1m-
provement being a floating polycrystalline silicon
charge storage layer in an oxide layer adjacent to the
silicon substrate. |

18. A metal-insulator-metal or metal-insulator-semicon-
ductor structure, wherein the insulator has disposed
thereon at its first interface, at least one relatively thin
successive oxide layer, each successive oxide layer contain-
ing an increasing silicon content which provides an injec-
tion region where holes or electrons depending on voltage
bias, can be injected into the insulator under low to moder-
ate electrical field conditions from the contact at this first
interface, while, simultaneously electron or hole injection
from said insulator’s second interface is blocked, the im-
provement being a charge trapping layer embedded in said
insulator near its second interface for capturing and storing
injected electrons or holes with high efficiency.

19. A metal-insulator-metal or metal-insulator-semicon-
ductor structure according to claim 18 wherein said charge
trapping layer is replaced by a floating polycrystalline
silicon charge storage layer.

20. In a MOSFET device for performing a memory

s JSunction said device being of the type comprising a silicon
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substrate having source and drain regions formed therein
and an insulated gate structure formed between said source
and drain regions and wherein said insulator comprises a
relatively thick oxide layer over which is deposited at least
one relatively thin successive oxide layer, each successively
deposited oxide layer containing an increasing silicon con-
tent to provide an injection region wherein holes or elec-
trons depending on voltage bias, can be injected into the
insulator under low to moderate electric field conditions
from the gate electrical contact which simultaneously,
electron or hole injection from the substrate interface is
blocked, the improvement being a layer of impurity atoms
embedded in said oxide proximate to the oxide-silicon
interface for capturing and storing injected electrons or
holes with high efficiency.

21. A MOSFET device according to claim 20 wherein
said layer of impurity atoms is replaced by a floating poly-

crystalline silicon charge storage layer.
- ¥ %X *x X Xk



	Front Page
	Drawings
	Specification
	Claims

