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NON-VOLATILE SEMICONDUCTOR MEMORY DEVICE

Technical Field
This invention relates to non-volatile semicon-~

ductor memory devices of the kind including a
semiconductor substrate, a first insulator layer formed
by a silicon dioxide layer provided on sald substrate,

a second insulator layer provided on said first insulator

layer and a conductive gate electrode provided on said

second insulator layer.

Background Art
Metal gate/silicon gate-insulator—semiconductor

devices of the MNOS/SNOS type and their non-volatile

charge retention are well-known. Briefly, when a large
positive voltage is applied between the gate and the
silicon substrate of a MNOS (hereafter MNOS includes
SNOS) device, as is done during a write operation,
electrons will tunnel through the thin (10-50 Angstroms
thickness) oxide layer and are stored in deep traps at
the oxide-nitride interfact or in the nitride bulk under
the influence of a high electric field of the order of
107 volts per cm. Tunneling of electrons through oxide
layers of thickness less than about 20 Angstroms 1is by
direct tunneling and through oxide layers of thickness
exceeding about 20 Angstroms is by Fowler-Nordheim
tunneling. As a result of this trapping of electrons

in the gate dielectric the conductivity of the underlying
semiconductor changes. If the semiconductor is of n-type
material, the trapping of electroné may invert the
semiconductor into p-type material. Once the electrons
are trapped in the gate dielectric, they remain there

er a period of time even after removal of the voltage
because the dielectric is non-conductive. This retention

is known as non-volatile charge retention or "memory".
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The electrons stored in the nitride gate di-
electric eventually decay in a logarithmic fashion
through two possible mechansisms: (1) back tunneling
into the silicon substrate; (2) conduction through the
nitride itself. Which of these is the dominant charge
transfer mechanism depends on such parameters as
(1) memory oxide thickness; (2) density of interface-
states created by the lattice mismatch of the two
dielectrics and; (3) energy and spatial distribution of
traps in the nitride.

The memory device written in the above manner
may be erased by applying a sufficiently large negative
voltage to the transistor's gate with respect to the
substrate to cause the electrons trapped in the nitride
to return to the substrate and to replace them by
trapped positive charges.

Improving charge retention and therefore,
reliability, of non-volatile MNOS memory devices is al-
ways a goal in microelectronics technology, particularly
in view of the ever-increasing use of these devices in
microprocessors and minicomputers and other applications
where storage of information for long periods of time
is crucial.

As used herein, the term "retention" means
the capability of the memory device to retain usable
data for a period of time. "Endurance" means the cap-
ability of the device to endure erase/write cycling and
still provide adequate retention.

One way of improving charge retention in these
devices is to make the oxide layer relatively thick.
However, a relatively thick memory oxide necessitates
rather high voltages to write or erase the device,
decreases the device erasure speed and reduces the size
of the memory window. )

A memory device of the kind specified is known
from the article by P C Y Chen "Threshold-Alterable
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gi-Gate MOS Devices" in IEEE Transactions on Electron
Devices, Vol. ED-24, No. 5, May 1977, pages 584-586.
Thus, the Chen article discloses a memory device having
a polysilicon—nitride-oxide-silicon structure. This
device has the disadvantage of a limited retention
capability. The Chen article also discloses a structure
wherein undesirable charge injection from the silicon
gate electrode is prevented by providing a silicon
oxynitride layer between the nitride and the polysilicon
gate. This latter structure has the disadvantage that
complex processing steps are required for its

manufacture.

Disclosure of the Invention

It is an object of the present invention to
provide a non-volatile semiconductor memory device of
the kind specified having a high degree of retention and
which is simple to manufacture.

Therefore, according to the present invention,
there is provided a non-volatile semiconductor memory
device of the kind specified, characterized in that said
second insulator layer is formed by a silicon oxynitride
layer.

It is found that a memory device according to
the invention has a high degree of charge retention as
compared with a polysilicon—nitride—oxide—silicon
structure device. Furthermore since only two insulator
layers are provided, it will be appreciated that a device .
according to the invention is simple to manufacture
because only a small number of process steps are re-
quired. The latter advantage leadé to improved yields
in manufacture and hence to a saving in manufacturing

costs.

Brief Description of the Drawings
One embodiment of the present invention will

now be described by way of example with reference to the
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The single Figure, Fig. 1, is a cross-sec-
tional representation of an embodiment of the non-vola-

tile memory device according to the present invention.

Best Mode for Carrying Out the Invention

Referring now to Fig. 1, there is shown in
this Figure a partial sectional view of a portion of an
exemplary memory device 50 embodying the principles of
the present invention. Fig. 1 in particular illustrates
a trigate n-channel field effect transistor 50 having a
silicon gate-oxynitride-oxide-silicon or SO 0S (where
On,designates oxynitride) gate structure 40. The device
50 of Fig. 1 comprises a single crystal silicon sub-
strate 10 of one conductivity type, illustratively, p-
type. The substrate 10 is partitioned into the device
active area by regions 11-11 of thick field oxide. The
n-channel FET 50 includes a pair of n-type surface
adjacent source and drain impurity regions 15 and 16,
respectively, which are self-aligned with the overlying
gate structure 40 and which define a channel region in
the substrate 10 lying between the source and drain
regions 15, l6. The source and drain may be formed
by any of the well-known techniques such as by selective
diffusion of impurities through an oxide mask or by ion
implantation.

The exemplary gate structure 40 consists of a
central memory portion 12 having a thin (20-35 Angstroms
thickness) memory oxide and flanked by two non-memory
portions having thick (1,000-2,000 Angstroms thickness)
non-memory oxide regions 12A-12A. Overlying these
memory and non-memory oxide regioné is a uniform thick-
ness (200-500 Angstroms thickness) silicon oxynitride
gate insulator 13. The oxynitride 13 in turn is covered
by a polycrystalline silicon electrode 14 of thickness
(3,000-5,000) Angstroms. The memory oxide 12 and the
oxynitride 13 may be formed continuously in the same

furnace deposition tube at the same temperature.
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In this technique, the oxide 12 is formed by chemical
vapor deposition at atmospheric pressure or by steam
oxidation of the substrate 10 at a temperature of about
750°C. The oxynitride 13 is formed, immediately
thereafter, by LPCVD (low pressure chemical vapor
deposition) using reactant gases ammonia (NH3), nitrous
oxide (NZO) and dichlorosilane (SiHZClz) in the propor-
tion NH3=N20:SiH2Cl2 of 3.5:2:1 at the same temperature
as the oxide 12. The polysilicon gate electrode 14 is
formed by LPCVD using silane.

The ranges of the oxide 12 and oxynitride 13
thicknesses provided above are nominal and are not limit-
ing but are those considered convenient from the point
of view of fabrication as well as with respect to con-
venient values of voltages with which the device may be
operated. For example, for + 15 volt write/erase oper-
ation, the oxide 12 and oxynitride 13 may be selected
to have thicknesses of about 25 Angstroms and about 275
Angstroms, respectively. For + 25 volt write/erase
operation, a thicker oxynitride, of about 400 Angstroms
thickness and an oxide 12 of about the same thickness
as in the previous example may be used. It will be
appreciated that a SO, 0S device having a very thick
(i.e. greater than about 500 Angstroms thickness) oxy-
nitride 13 not only requires significantly higher pro-
gramming voltages, of the order of about + (30-40) volts
put also takes a longer time for fabricating the same,
both of which features are disadvantagecus from the
present perspective of the microelectronics industry.

The gate electrode 14 may be of any known
highly conductive material, for ekémple, a metal such as
aluminum, or alloys such as aluminum-1% silicon, or a
refractory metal silicide such as tungsten disilicide or
tantalum disilicide of molybdenum silicide. When the

gate electrode 14 is made from a nonconductive material,
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it is doped with n-type impurities to provide a highly
conductive gate electrode for the memory device.

The memory device 50 is provided with a thick
insulating layer 17A-17B-17C made of, for example,
phosphosilicate glass, which is appropriately patterned
to cover the transistor structure. Insulating layer 17B
electrically isolates the gate electrode 14 from the
metal conductors 18 and 19. Metal conductors 18 and 19
made of, for example, aluminum make electrical contact
with the source 15 and drain 16, respectively. Electri-
cal conductor 20, made of the same material as conduc-
tors 18 and 19, is connected to the gate electrode 14.

Although a trigate structure 40 is shown and
discussed herein, this invention is applicable to mono-
gate and split gate structures also. The monogate
structure consists of a pure memory portion like the
central portion of the trigate structure 40 (Fig. 1)
having a thin oxide layer and a relatively thick oxy-
nitride layer. The split gate structure consists of
a memory portion like the central portion of the tri-
gate structure 40 and a single non-memory portion having
thick oxide 12A and oxynitride 13 layers instead of two
non-memory portions of structure 40 (Fig. 1).

Likewise, although the invention has been
discussed in connection with a memory field effect
transistor, it is applicable to other devices such as
capacitors.

Characterization of the Device

To determine the retention characteristics of
the present novel device, several d;channel trigate
devices were fabricated, tested and the test results
evaluated. These devices include the conventional
silicon gate-nitride-oxide-silicon devices and the
present silicon gate-oxynitride-oxide-silicon devices

having the basic structure shown in Fig. 1. All the
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devices had the same thickness memory oxide (20 Ang-
stroms) and polysilicon gate (3,000 Angstroms). The
test results which focus on the retention characteristics
are summarized in Table I.

The procedure used for testing the above
devices is well-known. The write and erase curves were
generated, for example, by subjecting the devices to
various pulse-stressing conditions (pulse amplitude and
duration). The amplitude of the pulse was in the ranges
+ 13.5 volts to + 16.5 volts, the positive and negative
values being applicable to the write and erase charging
characteristics, respectively. The duration of these
pulses was in the range of 100 microseconds to about 1
second.

The data to determine the charge retention in
the devices were obtained by: (1) initializing the
devices and determining the initial write and erase
threshold voltages; (2) obtaining retention graphs from
these devices by storing the devices at an elevated
temperature of 100°C for a time of up to lO5 seconds and
determining the threshold voltages at intervals during
this time. The initialization procedure (step 1) 1i.e.
obtaining the initial written and erased state threshold
voltages, involved applying a +15 volt pulse of 10
milliseconds duration and a -15 volt pulse of 100 milli-
second duration, respectively, to the gates of the
memory devices. Source 15, drain 16 and substrate 10
(Fig. 1) were all tied to ground during this investiga-
tion except during the threshold measurement. Using
the retention data obtained in the above fashion,

Table I was constructed. -

In Table I, "initial window" represents the
initial memory margin of the device; "write state decay
rate" is the slope of the write (threshold voltage)
curve; and "erased state decay rate" is the slope of
the erase (threshold voltage) curve. The memory windows

at one year and one decade shown in Table I were
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obtained by extrapolating the write and erase curves.
Finally, "memory margin decay rate" is the sum of the

written and erased state decay rates.
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It is obvious from Table I that the present
silicon-gate-oxynitride-oxide-silicon structure exhibits
a significantly lower memory margin decay rate of 0.465
volts per decade than the memory margin decay rate of
0.93 volts per decade exhibited by the conventional SNOS
structure. This indicates that the present SOnOS device
has superior charge retention capability than the SNOS
device.

The device of the present invention was also
tested for write/erase cycling (or endurance) effects.
These tests showed that the read access performance was
not noticeably affected even after 10,000 write/erase
cycles, thus indicating that the cumulative write/erase
stressing did not increase the rate of charge loss from
the oxide-oxynitride gate insulator. In other words,
the end result is that the present SOnOS device is in-
herently better than the SNOS device because of the
improved retention.

A full understanding of the physical phenomenon
occurring in the present memory structure that results
in the described improved characteristics is not now
available. It is supposed that the unique properties of
silicon oxynitride layer which are intermediate between
those of the silicon oxide layer and the silicon nitride
layer, contribute to these improvements by decreasing
the charge trap density in the oxynitride layer. The
utilization of structures in accordance with this inven-
tion does not require a full understanding of the phy-
sical mechanism in the devices' operation.

The results noted above have been limited to
n-channel devices wherein the gates were doped with
n-type impurities. However, the invention is not so
limited. For example, a p-channel FET having the same
structure as Fig. 1 or a combination of both p-channel
FET and n-channel FET, i.e. CMOS FET may be constructed.
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The improved charge retention obtained above with n-
channel FETs should be equally valid for these devices

also.
In summary, it has been demonstrated that the

retention of silicon gate devices has been greatly im-
proved by means of a novel silicon oxide-oxynitride dual
gate dielectric structure. An added benefit of this
structure is that it can be formed with no more process
steps than required for forming the conventional SNOS

devices.
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CLAIMS:

1. A non-volatile semiconductor memory de-
vice, including a semiconductor substrate (10), a first
insulator layer formed by a silicon dioxide layer (12)
provided on said substrate (10), a second insulator

5 layer (13) provided on said first insulator layer (12)
and a conductive gate electrode (14) provided on said
second insulator layer (13), characterized in that said
second insulator layer is formed by a silicon oxynitride
layer (13).

2. A memory device according to claim 1,
characterized in that said silicon oxynitride layer (13)
has a thickness in the range of from 200 to 500
Angstroms.

3. A memory device according to claim 1,
characterized in that said silicon dioxide layer (12) has

a thickness in the range of from 20 to 35 Angstroms.

4. A memory device according to claim 1,
characterized in that said conductive gate electrode

(14) is formed of polycrystalline silicon.

5. A memory device according to claim 1,
characterized in that said semiconductor substrate (10)

is formed of single crystal silicon.

6. A memory device according to claim 1,
characterized in that said silicon substrate (10) is of
a first conductivity type, having provided therein
source and drain regions (15, 16) of a second conduc-
5 tivity type thereby defining a channel region in said
semiconductor substrate {(10), and in that said silicon

dioxide layer (12), said silicon oxynitride layer (13)
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6. (concluded)
and said conductive gate electrode (14) are provided

over said channel region.

7. A memory device according to claim 1,
characterized in that said silicon oxynitride layer
(13) is formed by low pressure chemical vapor deposi-

tion utilizing ammonia, dichlorosilane and nitrous

5 oxide.

8. A memory device according to claim 7,
characterized in that said ammonia, dichlorosilane and

nitrous oxide are provided in the proportion 3.5:1:2.
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