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FLOATING GATE TRANSISTOR AND METHOD FOR
CHARGING AND DISCHARGING SAME

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to the field of transistors having a
floating gate. -

2. Prior Art .

In the prior art, there has been suggested the use of a field
effect transistor having a floating metal gate for use as a
memory element in a read only memory array. The floating
gate in the memory array is either electrically charged or not
charged and used in a similar fashion to other bi-stable devices
such as magnetic cores, flip-flops, etc.- A reference to the use
of a floating metal gate in a field effect transistor is made in A
Floating Gate and Its Application to Memory Devices,” Bell
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Systems Technical Journal, 46,1283 (1967) by D. Khang and

S. M. Sze.

The floating gate has not been used in memory devices since
the prior art technology has not disclosed a practical embodi-
ment of a floating gate transistor. FIG. 1 illustrates a typical
prior art embodiment of a floating gate transistor; its impracti-
calities will be discussed in conjunction with that figure.

SUMMARY OF THE INVENTION

A transistor which in its presently preferred embodiment
comprises a floating gate insulator semiconductor device is
described. The transistor comprises a substrate of a first con-
ductivity type and a pair of spaced apart regions of the op-
posite conductivity type to the first conductivity type disposed
in the substrate. A gate is spatially disposed between the re-
gions and separated therefrom by an insulative layer. The gate
is substantially surrounded by an insulative layer that may be
of the same type that separates it from the region or a different
type and no electrical connections are made to the gate. Con-
tact means such as metal contacts are provided to the regions.
In the presently preferred embodiment of the invention, the
substrate comprises an N-type silicon and the regions are of a
P-type conductivity. The gate may be conductive or semicon-
ductor materials such as silicon or germanium, aluminum,
molybdenum or other conductive metals. '

An electrical charge is placed on the gate by applying a volt-
age between one of the regions and the substrate of sufficient
magnitude tc cause a breakdown (e.g., an avalanche injection
condition) in at least one of the junctions defined by the inter-
face of the regions and substrate. This causes electrons to
enter and pass through the insulation separating the substrate
and gate and to charge the gate. The charge may be removed
from the gate by subjecting the transistor to X-rays or to ultra-
violet light.

It is an object of the present invention to provide a floating
gate transistor which is easy to manufacture and which may be
manufactured utilizing proven processes.

It is still another object of the present invention to provide a
floating gate transistor which is particularly adaptable for use
with a silicon gate. :

Another object of the present invention is to provide a
storage retention transistor which has the capability of provid-
ing long term storage without the continuous application of
power. :

It is still a further object of the present invention to provide
a method for charging a floating gate utilizing relatively low
electric fields and voltage across the insulator, thereby
preventing the destructive breakdown of the insulation which
surrounds the floating gate.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a cross-section of a floating gate transistor
as disclosed in the prior art. )

FIG. 2 illustrates a cross-section of a floating gate transistor
as described by the present invention.
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2
DETAILED DESCRIPTION OF THE INVENTION

A field effect transistor having a floating gate which is par-
ticularly useful as a component in a read-only memory is dis-
closed. The presence or lack of an electrical charge on the
gate is sensed and this information used in the same manner as
other bi-stable memory devices such as magnetic cores and
flip-flops are used in forring a memory array. Once the gate
of the transistor is charged, the charge remains permanently
(10 years at 125° C.) on the gate and the existence or non-ex-
istence of the charge on the gate is readily ascertainable by
sensing the conductivity characteristics between the source

-and drain region of the field effect transistor. Typically, the

field effect transistor readily conducts a current between its
source and drain once the gate is negatively charged and
likewise the transistor will not conduct a current when the
gate is not charged assuming that the voltage applied to the
source or drain junction is less than that required to cause an
avalanche breakdown in the transistor.

Referring to FIG. 1, a floating gate transistor as known'in
the prior art is illustrated. The transistor comprises a field ef-
fect device having a source and drain hereafter in-
terchangeably referred to as regions 13 and 15 which are
produced in a substrate 10. The substrate 10 is opposite in
conductivity type to the regions 13 and 15. For example, if the
substrate 10 is an N-conductivity type, the regions 13 and 15
would be a P-conductivity type. Metal contacts 11 are coupled
to the regions 13 and 15 to allow a current to be passed
between the regions 13 and 15. An insulative layer 12
separates the floating gate 14 from the substrate 10 and re-
gions 13 and 15. A second insulative layer 16 which serves to
completely surround the {loating gate 14, separates the charg-
ing gate 18 from the remainder of the transistor device. The
gates 14 and 18 are made of material such as aluminum, the
regions 13 and 15 and substrate 10 may be made from such
material as appropriately doped silicon or germanium.

In the operation of the transistor of FIG. 1, a charge, if one
is desired, is placed on the floating gate 14, by applying a volt-
age between the charging gate 18 via lead 19 and substrate 10.
A charge is transported from the substrate across the insula-
tion 12 into the floating gate 14. In order for a charge to be
thusly transported without applying a voltage large enough to
permanently breakdown the insulative materials 12 or 16, it is
necessary that layer 12 be relatively thin and that a high ratio
of dielectric constants exist between the materials used for
layers 16 and 12. This produces a higher field strength across
layer 12 than layer 16 and allows a charge to be transported
onto the gate 14. In practice, in addition to the difficulty of
producing a uniform thin insulation, it is very difficult to
deposit a metal layer over this thin insulation without produc-
ing current paths between the metal and substrate. Also, to

_achieve the high ratio of dielectric constants, a single insula-

tive material such as silicon dioxide cannot be used for both
layers 12 and 16. Thus, the device illustrated in FIG. 1 is not
very useful since the above described restraints make it im-
practical to produce with presently known techniques.

In FIG. 2, a cross-sectional view of a field effect transistor
built in accordance with the teachings of the present invention
is illustrated. While the present invention is illustrated in con-
junction with a particular field effect device, it is readily ap-
parent that other types of field effect transistors may be
modified in accordance with the teachings of this patent and
utilized as a component in a read-only array as well as in other
applications. The transistor of FIG. 2 comprises a pair of
spaced apart regions 22 and 24 (source and drain) which are
opposite in conductivity type to the substrate 20. The regions
which define a pair of PN junctions, one between each region
and the substrate may be produced on the substrate 20 utiliz-
ing commonly known techniques. The gate 28 of the transistor
which is spatially disposed between the regions 22 and 24
preferably completely enclosed within insulative layers 26 and
30, so that no electrical path exists between the gate 28 and
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any other parts of the transistor. Metal contacts 32 and 33 are
utilized to provide contacts to the regions 22 and 24, respec-
tively. The transistor of FIG. 2'may be produced using known
MOS or silicon gate technology.

In the present preferred embodiment of the invention, the
substrate comprises an N-type silicon, the regions 22 and 24
comprise P-type regions, the contacts 32 and 33 are aluminum
and the gate 28, which may be compatible conductive materi-
als such as aluminum, comprises silicon.  The insulative layer
26 and layer 30 may comprise a silicon oxide (e.g., SiO, Si0;).
Fora more thorough discussion of the silicon gate technology,
see IEEE Spectrum, Oct., 1969, Silicon-gate Technology, page
28, Vadasz, Moore, Grove and Rowe.

As was previously noted, the insulative layer 12 of the
transistor illustrated in FIG. 1 had to be relatively thin in order
to charge the gate 14. With the transistor of FIG. 2, the insula-
tive layer 26 which separates the gate 28 from the substrate 20
may be relatively thick; for example, it may be 500 A. to 1,000
A. This thickness may be readily achieved utilizing present
MOS technology. The layer 30 in the presently preferred em-
bodiment comprises approximately 1,000 A. of the thermally
grown silicon oxide directly above the gate 28 and approxi-
mately 1.0u of vapor deposited silicon oxide above the ther-
mal oxide.

Unlike the transistor of FIG. 1, the gate 28 of the transistor
of FIG. 2 may be charged in accordance with the teachings of
the present invention without the use of a charging gate, such
as gate 18 of FIG. 1. The charge is placed on the gate 28
through  the metal contacts 32, 33 and the substrate. The
charge is transferred to the gate 28 through the insulative
layer 26 by causing an avalanche breakdown condition in
either of the PN junctions defined by regions 22 and 24 in the
substrate 20. In FIG. 2, region 22 is illustrated coupled to the
ground via the contact 32 arid lead 35 and region 24 is illus-
trated coupled to a negative voltage via contact 33 and lead
34, also, the substrate is grounded. To charge the gate 28, a
voltage is applied to lead 34 of sufficient magnitude to cause

an avalanche breakdown of the junction defined by region 24 -

and substrate 20. When the avalanche breakdown occurs, the
high energy electrons generated in this PN junction depletion
region pass through the insulative layer 26 onto the gate 28
under the influence of the fringing field 36. Once the gate 28 is
charged, it will remain charged for usefully long periods since
no discharge path is available for the accumulated electrons
within gate 28. (Note that the entire gate 28 is surrounded by
an insulative layer such as a thermal oxide.) After the voltage
has been removed from the transistor, the only other electric
field in the structure is due to the accumulated electron
charge within the gate 28 and this is not sufficient to cause
charge to be transported across the insulative layer 26. (Note
that the gate 28 could have been charged in the same manner
as described with the substrate and/or contact 32 biased at
some potential other than the ground potential.)

Theoretical calculations have indicated that a charge on a
gate such as gate 28 should remain there for periods greater
than 10 years even at operating temperatures of 125° C. Typi-
cally, the avalanche junction breakdown described occurs at a
voitage of approximately 30 volts utilizing typical MOS
devices and assuming an oxide thickness for layer 26 of ap-
proximately 1,000 A. In a typical read-only memory, the ex-
istence or non-existence of a charge on gate 28 may be deter-
mined by examining the characteristics of the transistors at the
contacts 32 and 33. This may be done by applying a voltage
between contacts 32 and 33. This voltage should be less than
that required to cause an avalanche breakdown. The transistor
more readily conducts if a charge exists on gate 28 when com-
pared to the conducting of the same transistor without a
charge on its gate. (The same structure can be made on a P-
type substrate with N-type regions for the source and drain. In
this case when the gate is charged negatively by avalanche in-
jection, the conductance between source and drain is lower
than for the same transistor without charge on the gate.) For a
more complete analysis of the phenomena involved in the
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avalanche_ injection of electrons, see E. H. Nicollian, A.
Goetzberger and C. N. Berglund, **Avalanche Injection Cur-
rent and Charging Phenomena in Thermal SiO,,” Applied
Physics Letters 15, 174 (1969).

A number of methods have been found for removing the
charge from a gate 28. If the transistor of FIG. 2 is subjected to
X-ray radiation, the charge on gate 28 is removed. Experi-
ments have shown that radiation of 2X10® rads when applied
even through the package containing the transistor will cause
the charge to be removed from gate 28. Also, ultra-violet light
of the order of magnitude 4ev’s when applied directly to the
transistor (not through the transistor package) will cause the
charge to be removed from the gate 28. Subjecting the
transistor to high temperatures (i.e., 450° C.) will also cause
the charge to be removed, but this technique may result in
permanently damaging the device.

Thus, a field effect transistor containing a floating gate
which is completely surrounded by insulative material such as
silicon dioxide, particularly adaptable for use'in a read-only
memory has been described. The transistor may be manufac-
tured utilizing known MOS techniques. The contacts to the
transistor which are used to determine the existence or non-
existence of a charge on the gate are also used to place a
charge on the gate. Unlike the prior art floating gate field ef-
fect transitors, a charging gate is not required and relatively
thick easy to develop thermal oxide layers may be used

- between the floating gate and the substrate.

Iclaim:

1. A storage device comprising:

a semiconductor body of a first conductivity type,

a pair of spaced apart regions of opposite conductivity type
to said first conductivity type, forming a pair of PN junc-
tions in said body; i

a floating gate dlsposed spatially between said pair of
spaced apart regions;

an insulative layer between said body and said ﬂoatmg gate;

insulative means covering said floating ‘gate, said insulative
means being free of any metallization employed primarily
for charging said floating gate;

means for applying a voltage to at least one of said spaced
apart regions and said body of sufficient magnitude to
cause an avalanche injection, thereby causing electrons
to pass through said insulative layer onto said floating
gate whereby said floating gate may be electrically
charged.

2. The storage device defined in claim 1 wherein said msula-

tive layer is at least approxn'nately 500 A. thick.

3. The storage device defined in clair 1 wherein said first
conductivity type is an N type.

4. The storage device defined in claim 2 wherem said first
conductivity type is an N type.

5. The storage device defined in claim 4 wherein said float-
ing gate comprises silicon.

6. The storage device defined in clalm 5 wherein said body
comprises silicon and said insulative layer and msulatlve
means comprise silicon oxide.

7. The storage device defined in claim 6 including contact
means for providing contact to said pair of spaced apart re-
gions.

8. In a storage device comprlsmg a semiconductor sub-
strate of a first conductivity type; a pair of spaced apart re-
gions of opposite conductivity type, forming a pair of PN junc-
tions in said substrate; a floating gate disposed spatially
between said spaced apart regions; and insulative layer
disposed between said substrate and said floating gate; and in-
sulative means covering said floating gate, said insulative
means being free from any metallization employed primarily
for charging said floating gate;

a method for placing an electrical charge on said gate com-
prising applying a voltage to at least one of said regions
and said substrate of sufficient magnitude to cause an
avalanche injection thereby causing electrons to pass
through the insulation from said substrate to said ﬂoatmg
gate to charge said gate.
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9. The method defined in claim 8 wherein said voltage is ap-
proximately 30 volts.
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