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(57) Nonvolatile, semiconductor
random access memory cells
comprising a static, RAM cell and a
nonvolatile memory element which
may be interconnected with the static
random-access memory cell by
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RAM cell contents may be directly
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such that the nonvolatile memory cell
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upon applying power to the RAM cell.
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be a substrate-coupled floating gate cell
incorporating self-regulated and
asperity enhanced tunnel currents.
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SPECIFICATION

Nonvolatile static random access method and
memory device

The invention relates generally to the field of
metal-oxide semiconductor random access memory
systems (MOS RAMs), and more particularly to non-
volatile static RAM systems incorporating-an inte-
grated floating gate circuit element.

Many static RAMs employ bistable semlconductor
circuits such as flip-flop circuits as memory cells for
storing binary data (ones and zeros). For such static
memory cells to store information, electrical current
from an electrical power source must continually
flow in one of the two cross-coupled circuit
branches, and be relatively absent from the other .
branch. Two (binary} distinguishable memory states
for information storage are thereby provided,
depending upon which branch is conductive, and
which branch is correspondingly nonconductive.
Accordingly, such semiconductor-memory cells are
considered to be “volatile” because if electrical
power is removed, the memory state distinguishing
current will cease to flow in the current carrying
branch, and the information in the cell is accordingly
lost. Such volatility is a substantial disadvantage of
conventional semiconductor memory systems, and
substantial effort in the art has been made to
develop circuit elements and structures for provid-
ing nonvolatility to semiconductor circuits when
power is removed [ E. Harari, et al., “A 256-Bit Non-
volatile Static RAM", 1978 |IEEE International Solid
State Circuits Conference Digest, pp. 108-109; F.
Berenga, et al. “E>-PROM TN Synthesizer”, 1978 IEEE
International Solid States Circuit Conference Digest,
pp. 196-197; M. Horne, et al., A Military Grade
1024-bit Nonvolatile Semiconductor RAM”, IEEE
Trans. Electron Devices, Vol. ED-25, No. 8, (1978), pp.
1061-1065; Y. Uchida, et al., “1K Nonvolatile Semi-
conductor Read/Write RAM”’, IEEE Trans. Electron
Devices, Vol. ED-25, No. 8 (1978), pp. 1065-1070; D.
Frohmann, A Fully-Decoded 2048-Bit Electrically
Programmable MOS-ROM", 1971 IEEE International
Solid State Circuits Conference Digest, pp. 80-81;
U.S. Patent No. 3,660,819; U.S. Patent No. 4,099,196;
U.S. Patent No. 3,500,142; Dimaria, et al., “Interface
Effects and High Conductivity in Oxides Grown from
Polycrystalline Silicon”, Applied Phys. letters (1975),
pp. 505-507; R. M. Anderson, et al., “Evidence for
Surface Asperity Mechanism of Conductivity in
Oxide Grown on Polycrystalline Silicon”, J. of Appl.
Phys., Vol. 48, No. 11 (1977), pp. 4834-4836].

Devices based on the MOS fioating gate structure
are conventionally used for systems having pro-
longed data retention. A floating gate is an island of
conducting material, electrically insulated from the
substrate but capacitively coupled to the substrate,
forming the gate of a MOS transistor. Depending on
the presence or absence of charge on this floating
gate, the MOS transistor will be rendered conductive
(“on”) or non-conductive (“off”), thus forming the
basis for memory device storage of binary “1” or “0”
data corresponding to the presence or absence of
floating gate charge. Various means of introducing
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and removing the signal charge from the floating
gate are known. Once the charge is on the gate, it
remains permanently trapped, because the floating
gate is completely surrounded by an insulating mat-
erial which acts as a barrier to the discharging of the
floating gate. Charge can be introduced ontothe
floating gate using hot electron injection and/or tun-
neling mechanisms. Charge can be removed from
the floating gate by exposure to radiation {uv light,
x-rays), avalanche injection, or by so-called tunnel-
ing effects. The term tunneling is used hereinin a
borad sense to include the emission of an electron
from the surface of a conductor into an adjacent
insulator through the energy barrier.

Nonvolatile static RAM memories are known
which incorporate a floating gate nonvolatile ele-
ment utilizing very thin gate oxide, but such devices
have a number of disadvantages. Charge is tunneled
to and from a floating gate element bidirectionally
through a relatively thin (50 Angstroms-200 Ang-
stroms) oxide which may be difficult to reliably
manufacture with adequate integrity. Because of the
bidirectional character of the very thin tunnel oxide,
the nonvolatile RAM cell may be subject to possible
disturb problems which cause the memory to lose its

~ contents. In particular, such problems may involve
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limitations in the number of read cycles, and distur-
bances in the memory contents of a cell being
caused by adjacent cell operations. Other non-
volatile RAM devices do not use floating gates but
rather a metal nitride-oxide semiconductor structure
in which charge is retained at a silicon nitride, silicon
dioxide interface. However, such MNOS devices also
have disturb problems which limit not only write
cycles but also read cycles, causing limitations on
the wide-spread use of MNOS devices.

It is desirable to interface a nonvolatile element to
a RAM circuit to provide nonvolatility in a semicon-
ductor memory array. However, known interfaced
devices have various substantial disadvantages. For
example, such interfacing may be carried out by
introducing a conductance imbalance caused by the
nonvolatile element directly between the two
branches of a cross-coupled static RAM cell. How-
ever, such conductance imbalance causes the
cross-coupled static RAM cell to carry a DC offset
current which must be overcome when the cell is in
normal RAM mode operation, and such imbalances
can lead to read and write disturb marginalities for
the overall memory circuit. Further, such mar-
ginalities present manufacturing yield limitations
and testing problems.

Another important factor in respect of interfacing
the nonvolatile elements to static RAM cells is pro-
viding compactness and simplicity to device design,
as these factors affect circuit size and cost. Known
interface systems unfortunately tend to require a
complex interface in terms of control signals and
extra transistors, which has resulted in large non-
volatile static RAM circuit size and correspondingly
high cost.

Various known nonvolatile static RAM devices
also tend to have the disadvantage of requiring high
current demands and high voltages for operation.
These requirements place practical limits on device
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power and speed, and complicate circuit design. Var-
ious known nonvolatile static RAM devices also tend
to utilize the semiconductor substrate as the princi-
pal element in programming the nonvolatile mem-
ory components, which may involve application of
high voltages to the RAM power line to effect non-
volatile element storage, so that it is difficult to inde-
pendently optimize and separate the RAM cell
design and fabrication process from the nonvolatile
element design and fabrication process. Further,
when data placed in the nonvolatile storage element
is recalled to the RAM cell, the data may be applied
to the RAM cell in a complement, or opposite state
from that in which it was originally written into the
nonvolatile element. Thus, if a binary ‘0" rep-
resented by a conductive first branch and noncon-
ductive second branch of such a conventional flip-
flop RAM cell is written to the nonvolatile element,
and subsequently is written back to the RAM cell, the
first branch of the RAM cell will be nonconductive
and the second branch conductive, thereby repres-
enting a binary “1"”. Such complement state recall,
rather than direct, true state recall, is a substantial
inconvenience which must be handled by extra cir-
cuitry or otherwise accounted for by the user of the
memory system.

Accordingly, it is an object of the present invention
to provide improved nonvolatile static random-
access memory cells and memory devices. Itis
another object of this invention to provide non-
volatile, static RAM devices and memory arrays of
such devices which may be conductance of DC bal-
anced, and which may be adapted to provide a
capacitive or dynamic imbalance to static RAM cells
in the interfacing relationship between static RAM
cells and nonvolatile components of the cells. Itis
another object of this invention to provide non-
volatile static random access memory cells and
devices in which a static RAM portion and a non-
volatile portion of the memory cell may be sepa-
rately optimizable. It is another object of this inven-
tion to provide a compact, high-density, nonvolatile,
static RAM cell which is relatively simple and inex-
pensive to manufacture. It is another object of this
invention to provide a nonvolatile, static RAM which
draws substantially no DC current during program-
ming from the high voltage supply.

These and other objects of the invention will
become apparent from the following detailed
description and the accompanying drawings of
which:

FIGURE 1 is a top view of an embodiment of a
nonvolatile static random access memory cell in
accordance with the presentinvention as it appears
prior to deposition of metal contacts and intercon-
nections,

FIGURE 2 is a semi-schematic top view of the non-
volatile cell element of the memory cell of FIGURE 2,

FIGURE 3 is a cross-sectional view of the non-
volatile cell element of FIGURE 2 taken through line
3-3 at an intermediate fabrication step;

FIGURE 4 is a cross-sectional view of the non-
volatile cell element of FIGURE 2 taken through line
4-4 at an intermediate fabrication step, and

FIGURE 5 is a schematic circuit diagram of the
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nonvolatile static random access memory cell of
FIGURE 1.

Generally the present invention is directed to non-
volatile semiconductor memory devices comprising
a volatile semiconductor bistable memory cell for
storing binary data as one of two circuit memory
states, addressing means for reading binary data
from and writing binary data to the bistable volatile
semiconductor memory cell, and a nonvolatile
memory element for storing binary data as one of
two electric charge levels of a floating gate indepen-
dently of the memory state of the volatile memory
cell. The devices further comprise means for
capacitatively coupling the volatile memory cell to
the floating gate memory element and for copying
the memory state of the bistable memory cell to the
floating gate element as a predetermined floating
gate memory state together with means for capacita-
tively coupling the floating gate element to the vol-
atile semiconductor memory cell for copying the
memory state of the floating gate of the nonvolatile
element to the volatile cell upon application of elec-
trical power to the volatile memory cell. The means
for copying the memory state of the bistable mem-
ory cell to the floating gate element and the means
for copying the memory state of the floating gate
element to the bistable memory cell are operable
such that upon copying an original circuit memory
state of the bistable cell into the floating gate ele-
ment, and subsequently copying the memory state
of the floating gate element to the volatile cell, the
bistable cell will be returned to its original memory
state. The bistable volatile memory cells may desir-
ably be static MOS four or six-transistor, cross cou-
pled flip-flop circuit elements, and the devices in
accordance with the invention will desirably be
organized in a memory array such as a random
access memory array in accordance with conven-
tional practices.

Having generally described the invention, it will
now be more particularly described with respect to
the specific embodiment illustrated in FIGURES 1-5
of the drawings. Illustrated in FIGURES 1-5is an
embodiment 10 of a nonvolatile, static, random-
access memory cell in accordance with the present
invention. The illustrated cell 10 comprises a volatile
static, bistable flip-flop memory cell 12 and a non-
volatile electrical-alterable floating gate element 14.
The illustrated cell 10 forms a part of an x-y address-
able random access memory, and accordingly, the
volatile memory cell 12 may hereinafter be referred
to as a static RAM cell although such cells may also -
be used in other memory organization designs.

FIGURE 1 is a substantially proportionally, accu-
rate top view of the chip circuit design. Various s
known nonvolatile static RAM devices also tend
design of the device 10, which illustrates the polysili-
con electrode structure of the device cell. The circuit
schematic for the device 10 is shown in FIGURE 5
and, for purposes of clarity of description of the
invention, the circuit elements of the device 10 of
FIGURE 1 are shown in somewhat more simplified
form in FIGURES 2-4. As shown in FIGURE 1, the
layout design for the cell 10 is relatively compact,
and is adapted to be a unit of a random access array
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of contiguous like cells, having relative cell dimen-
sions generally as shown, using five micron (metric)
design rules, with unit cell dimensions of about 82.5
microns by 79 microns.

In FIGURE 2, areas of n-implantation of the silicon
substrate 11 are defined by solid line and cross-
hatched. Further, in order to illustrate the various
polysilicon layers of the overlapping structure of the
device 10, the subsequently deposited polysilicon
layers are shown by different line designations. In
this regard, the first polysilicon layer 50 pattern is
shown by solid line marked with additional dots, the
second polysilicon layer 52 is shown by solid line
with additional “x” markings, and the third polysili-
con layer 54 is shown by dashed line. “Buried con-
tact” regions 61, 62 of connection of the polysilicon
layer 54 to the n-channel zone are shown by closely
dashed line. In both FIGURES 1 and 2, regions for
connection with metallization are shown by crossed
squares.

Turning to schematic FIGURE 5, the illustrated sta-
tic RAM cell 12 and the random access array in which
it is organized may be of generally conventional
design. The RAM cell 12 may be read from and writ-
ten to by appropriately addressing the cell for sens-
ing or altering its current state in accordance with
conventional practice and by means of suitable RAM
array connections and chip interfaces, such as store
line 100, Vss potential line 102, Vcc potential line 104,
Y data line 106, and complement Y data line 108,
which are metal lines for carrying power and signals
across the array (FIGURE 2) which make connection
to the individual cells as shown by respective “X"
designations in the path of the lines. The Vss poten-
tial may be about 0 volts, the Vcc potential may be
about 5 volts, and the substrate potential Vbb may
be about —3 volts in the illustrated embodiment 10.

The static RAM cell component 12 is coupled to
the nonvolatile floating gate element 14 by means of
a dynamic, or capacitive imbalance, which coupling
provides for storing the current memory content of
the volatile static RAM cell 12 in the nonvolatile ele-
ment 14 upon operator command. Capacitive coupl-
ing means is also provided for reading the contents
of the nonvolatile floating gate element 14 into the
volatile static RAM cell element gw as desired upon
operation of the appropriate circuit elements. The
memory content of the static RAM cell 12 and non-
volatile element 14 may normally be independent of
each other except on specific copying command. In
particular, the current memory content of the RAM
cell 10 is not stored into the nonvolatile memory
element 14 whenever the RAM cell 12 is written to by
the cell addressing and writing means, but rather,
the memory content of the static RAM celi is only
stored into the nonvolatile element 14 by operation
of the capacitive copying circuitry upon specific
’store” command, as will be more fully described. In
effect the nonvolatile memory element 14 thus
appears to the system 10 as a programmable
““shadow ROM"".

As shown in FIGURE 5, the device 10 may com-
prise a six-transistor static RAM cell 12 of conven-
tional design, and a nonvolatile electrically-alterable
floating gate memory element 14. The floating gate
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memory element 14 is of the type described in our
application No. 8000399 entitled “Substrate Coupled
Floating Gate Memory Cell” to which reference
should be made for further details.

An important element of the nonvolatile memory
cell component of the present devices is an electri-
cally isolatable bias electrode located within the
substrate at the substrate surface adjacent a floating
gate, and of opposite conductivity type relative to
the substrate. The bias electrode may be located in
the area partially beneath an erase/store electrode
separated from each by an oxide, such that it under-
lies both the floating gate and the erase/store elec-
trode. Because the bias electrode is of opposite con-
ductivity type to that of the substrate, it may be sepa-
rated from the substrate electrically by pn junction
action under the influence of a reverse bias potential,
and means for so isolating the bias electrode should
be provided in the devices. A primary function of the
bias electrode is to properly bias by capacitive action
the floating gate during electron injection to {i.e.,
during a write cycle) and electron emission from
{i.e., during an erase cycle) the floating gate.

The bias electrode potential may be controlled by
a switching circuit element or device, such as a trans-
istor in the device substrate which connects the bias
electrode to a predetermined reference voltage
source when the transistor is turned on. When the
switching element (such as the switching transistor)
is off the bias electrode is brought sufficiently posi-
tive with respect to the programming electrode
underlying the floating gate, that electrons will tun-
nel from the programming electrode to the floating
gate, which in turn alters the floating gate potential
by making it relatively more negative. This negative
alteration of the floating gate potential by applica-
tion of electrons can be sensed by a suitable sensing
means such as a MOS transistor. Similarly, the
erase/store electrode, which at least partially over-
laps the floating gate and is insulated from the float-
ing gate may be brought to a predetermined positive
potential so that electrons will tunnel from the float-
ing gate to the erase/store electrode. In this manner,
the floating gate may be provided with a relatively
more positive voltage which can be sensed by a
suitable means such as the sensing transistor.

An automatic self-regulating compensation circuit
feature of the memory devices may be formed phys-
ically in the region below the coincident floating gate
and bias electrode and substrate in order to shape
the current puise into the floating gate during a write
operation when electrons are flowing to the floating
gate from the program gate. Such a circuit feature
tends to minimize the stress action across the tunnel
oxide between the programming gate asperities and
the floating gate. However, after a large number of
cycles of operation, higher stresses are required to
write to the floating gate due to trapped charges in
the oxide. This circuit adjusts for this condition
automatically by providing additional stress when
required. It is the combination of providing
minimum stress to the floating gate, current pulse
shaping, and providing extra stress to compensate
for trapped charges which is a principal elementin
prolonging the number of useful cycles in devices in
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accordance with the present invention. Further, KN,
these features have been implemented in a very Co= i‘r andB = q_Kd_
compact manner utilizing the semiconductor electri-
cal nature of the bias electrode and its placement where € is the dielectric constant of the silicon diox-

5 into the surface of the substrate semiconductor. In 70 ide region 5 between the floating gate 2 and the bias
this regard, when in an electrically isolated condi- electrode 7,
tion, the bias electrode functions as a variable x is the thickness of the dielectric region 5 between
capacitive coupling means for capacitively coupling the floating gate 2 and the bias electrode 7, )
a major proportion of the potential of the erase/store q is the electronic charge,

10 electrode to the floating gate as a function of the 75 Ksisthe relative dielectric constant of silicon, K4 is
floating gate potential. In this connection, the capaci- the relative dielectric constant of the region 21
tive coupling of the erase/store electrode potential to separating the bias electrode 7 and the floating gate
the floating gate is utilized to develop a potential 2,
between the floating gate and the programming N is the doping density of the bias electrode 7,

15 electrode sufficient to transfer electrons from the 80  AVisthe potential Vy, of the bias electrode 7
programming electrode to the floating gate. How- minus the potential V¢ of the floating gate 2, where
ever, the capacitance of the capacitive coupling AV is approximately greater than zero, and
means is variable such that the portion of the Vg is the flat band voltage.
erase/store electrode potential which is coupled to Accordingly, CC2 can vary from being almost equa!

20 the floating gate decreases with decreasing potential 85 toC,(a constant) for very high doping density (N) to
of the floating gate, and more specifically decreases almost zero for very low doping density (N), with
with increasing difference between the potential of other parameters being constant. The capacitance
the bias electrode and the floating gate. Accordingly, CC2 thus becomes less as the floating gate 2 begins
the transfer of charge to the floating gate from the to receive electrons and falls negative. However,

25 programming electrode operates to decrease the 90 when AV is less than zero, capacitance CC2 is sub-
capacitive coupling and consequently the transfer of stantially at its relatively constant, maximum value,
charge to the floating gate. Co.

As shown in the drawings, the cell structure of the The variable capacitance CC2 controls the voltage
device 10 is fabricated on a monocrystalline p-type coupling of the floating gate 12 to the bias electrode :

30 silicon wafer substrate 11 which in the illustrative 95 zone 7, and accordingly the potential difference bet- -
embodiment 10 may have an acceptor doping level ween the programming electrode and the floating
in the range of from about 1 x 10" to about 1 X 10" gate, which drives the tunneling current, may be
atoms per cubic centimetre. An electrically isolated, beneficially controlled by control of the doping
polysilicon fioating gate w is provided adjacent the density N in the bias electrode.

35 substrate, which is capacitively coupled to a bias 100 The illustrated random access memory cell 12 is of
electrode 7 in the substrate 11. The bias electrode 7 conventional MOS RAM design comprising two
is formed in the substrate 11 of opposite conductiv- cross coupled static inverter circuits combined to
ity type from the substrate 11, and in the embodi- form a static, six-transistor flip-flop memory ele-
ment 10 may have a donor impurity level of in the ment. In this regard, the RAM memory element 12

40 range of about 1 X 10" atoms/cc®. The bias electrode 105 comprises cross coupled flip-flop transistors 27, 28
13 may be formed in accordance with conventional respectively connected to depletion pull-up transis-
fabrication techniques such as diffusion or ion tors 31, 32 through respective data nodes 289, 30.
implantation, and the illustrated embodiments may Flip-flop transistors 27, 28 are appropriately con-
be formed to a thickness of about 1 micron by ion nected to ground terminal 24, while depletion pull-

45 implantation of a donor impurity atan implantation 110 up transistors 31, 32 are connected o the RAM
density of 1 X 10'2to 1 X 10'® atoms per cm? power supply terminal Vcc. Array (“row"” or “word")

The variable capacitance of an electrode in respect X" select transistors 33, 34 are similarly connected
of a depletion region may be represented as a func- to the data nodes 29, 30 for array selection purposes,
tion of the potential between the elctrode and the in the overall memory array of which the device 10

50 substrate[Boyle & Smith (1970), “Charge Coupled 115 forms a part. The selection of the cell 12 in an array
Semiconductor Devices”, Bell Systems Technical of cells may be accomplished by applying a potential
Journal, 49, pp. 587-593] and in the illustrated of Vee to the gate of one of the X address transistors «
embodiment, the variable capacitance CC2 of the 33, 34 and one of the Y (“column’’) address lines,
floating gate 2 with respect to the bias electrode 7 which connect to the complementary data output

55 may be substantially represented as: 120 ncdes 35, 36 thereby causing the X address transis- ;
tor to turn on, thus connecting the flip-flop nodes of

C, the addressed cell 12 to the “bit” lines, Y and Y of the
cC2 = 2C, memory arrfxy, in accorcj]ance with conventional
1+  0{AV-Vea) RAM operation and design practice.

60 B 126 Reading of the addressed cell 12 may be carried
out by holding both “bit” lines through high valued
resistors to potential Vcc. Depending on the state of

where C, is maximum capacitance value (per cm? of the flip-flop (either transistor 27 or 28 will be on and
the capacitor formed by the adjacent surfaces of the the other will be off) current will flow in one or the

65 130 other of the “bit” lines and reading may be accomp-
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lished by sensing the differential current. Writing to
the cell 12 may be accomplished in a conventional
manner by addressing a cell 12 as if to read, and
holding one “bit” line at potential Vcc while bringing
the other “’bit"” line to the substrate potential Vss.

The cell 12 may thus be accessed through the
“word"” X' transistors 33, 34 with Data and com-
plement Data appearing at Y node 35 and Y node 36,
respectively. Conventional RAM read/write opera-
tions are accordingly performed through data nodes
35 and 36. The cross coupled static flip-flop is
formed by transistors 27, 28, 31, 32, having comple-
ment states appearing at nodes 29 and 30 as long as
power (Vcc) is continuously supplied to terminal 26
of the cell 12.

The construction of the static RAM cell 12 may be
carried out by means of commonly known semicon-
ductor processes and photolithography techniques.
While a specific static RAM design is shown in the
illustrated embodiment 10, it will be appreciated that
other suitable designs may also be utilized. For
example, in the embodiment 10, transistors 31 and
32 are shown in depletion devices, but in other
embodiments, these transistors could be replaced
by appropriate resistors.

As indicated, the RAM cell is interfaced with a
non-volatile memory element 14. The illustrated
nonvolatile cell element 14 comprises a floating gate
2, means for transferring electrons into the floating
gate, and means for removing electrons from the
floating gate. The cell element 14 further has an
automatic self-regulating circuit configuration which
tends to enhance the number of useful write cycles
in the nonvolatile element 14. In operation, transfer-
ring electrons onto the floating gate to provide a
relatively negative potential memory state on the
floating gate, and removing electrons from the float-
ing gate to provide a relatively positive potential
memory state, forms the basis for memory storage
on the nonvolatile storage device 14. Charge transfer
and removal from the floating gate is accomplished
by means of electron tunneling, which results in vir-
tually no DC current being drawn from the high vol-
tage programming supply. The small current
requirement on the high voltage supply makes poss-
ible “on-chip” generation of this voltage, and is sig-
nificant advancement in the art. The tunneling cur-
rent is aided by sharp island-like asperities which are
present in the nonvolatile element, so that relatively
thick oxides can be used to separate the tunneling
members of the cell and yet draw significant tunnel-
ing currents to and from the floating gate at reason-
able voltages. Another property of the asperities is
that they tend to conduct tunnel current primarily in
a singular direction, and do not show symmetric
bidirectional current flow properties for reversed
fields. A consequence of this is that the nonvolatile
element 14 is relatively immune against loss of
memory state by premature, undesired discharge of
its electronic charge due to read operation or adja-
cent cell operation. Since the performance of the
illustrated nonvolatile memory element is controlled
by tunneling properties between polysilicon ele-
ments which are located physically above the subs-
trate {containing the static RAM cell which is largely
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controlled by phenomena in the substrate), the static
RAM and novolatile elements can be independently
optimized. Therefore, this combination of static RAM
cell and nonvolatile element can be easily used with
many difference technologies.

In carrying out the capacitive coupling, one of the
nodes 29 of the RAM cell 12 is capacitively coupled
via a capacitance circuit element 23 having a capaci-
tance C1, and transistor 8, to the nonvolatile memory
element 14. Complement data node 30 is similarly
capacitively coupled to the nonvolatile element 14
by means of transistor 20 to capactitative circuit
element 17 having a capacitance C2. The various
other circuit coupling elements will be subsequently
described in more detail, but it is important to note
that the static RAM cell 12 is only capacitively cou-
pled to the nonvolatile element 14. No DC offset cur-
rent load is applied to flip-flop data nodes 29 or 30 by
the interface with the nonvolatile element 14 so that
the static RAM cell 12 is substantially balanced in the
steady state conditions. This is an important
improvement over the prior art and leads to
improved operating margins. Electrode and fioating
gate structure of the device 10 is shown in FIGURE 1,
while FIGURE 2 illustrates a simplified topographic
view of the RAM cell 12 and the nonvolatile element
14 showing the various components of the static
RAM cell 12 and nonvolatile electrically-alterable
component of the device 10, together with the
appropriate relative sizes of the various transistors
and capacitance elements. FIGURES 3 and 4 show
cross sections of selected elements taken through
FIGURE 2, following a process step in device fabrica-
tion commonly called “source-drain doping” with
additional dielectric and metallization layers being
utilized to complete the device, in accordance with
conventional processing and array design. The
structure and operation of the nonvolatile element
14 is generally in accordance with the disclosure of
our contemporaneously filed application Serial No.

, with several additional elements which form
the interface to the static RAM cell 12. The non-
volatile cell 14 in the preferred embodiment 10 util-
izes three layers 50, 52, 54 of polysilicon in its fabri-
cation in conjunction with various substrate ele-
ments and separating dielectrics. Although the illus-
trated device 10 including the nonvolatile cell 14 is
fabricated in n-channel MOS technology, other fab-
rication and design approaches may also be utilized.

The illustrated nonvolatile element structure (as
shown in FIGURES 2-4) is fabricated on a p-type sili-
con substrate 11, which further includes a bias elec-
trode 7 of opposite conductivity type from the subs-
trate 11. The bias electrode may be introduced by
conventional techniques such as diffusion or ion
implantation. A thermal oxide 4 which may be
grown by conventional techniques to be about 12000
Angstroms thick is provided on the substrate 11 for
cell isolation purposes. It is subsequently etched in
the areas of floating gate and nonvolatile element
electrodes and reoxidized to provide thinner oxides
5, 6 to dielectrically isolate the substrate from the
three sequentially deposited, patterned (by conven-
tional photolithographic techniques), etched and
oxidized polysilicon layers forming the program-
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ming electrode 1, the floating gate 2, the erase/store
electrode 3 and other circuit elements and intercon-
necting leads. These thermal oxides 5, 6 separating
the polysilicon layers from the substrate are grown
by conventional techniques to be about 1000 Ang-
stroms thick in the illustrated embodiment. The val-
ues of substrate doping and oxide thickness under
the control gates of the various transistors such as
coupling transistor 8 may be chosen to give a
desired threshold voltage in accordance with con-
ventional design techniques and the gate of transis-
tors such as transistor 8 may be formed from any
polysilicon layer, consistent with cell design.

The first polysilicon layer is oxidized at approxi-
mately 1000 degrees C. and a similar procedure is
performed on the second layer of polysilicon in
order to introduce asperities 56 on the upper sur-
faces of these polysilicon layers as indicated by the
serrations in FIGURES 3 and 4. The asperities formed
under such conditions may have an areal density of
about5 x 10° per cm,, an average base width of 456
Angstroms and an average height of 762 Angstroms.
The asperities produce very high fields when rela-
tively low voltages are applied between overlapping
or adjacent polysilicon layers. When the asperities
are biased relatively negatively, these fields are suf-
ficient to inject electrons into the relatively thick
oxides 42, 43, 44 (having a thickness of 800-1000
Angstroms) while applying on the average a rela-
tively low voltage (e.g., 25 volts or less) across the
oxide. When only one adjacent surface of the
polysilicon layers has asperities, a diode-like effectis
provided because the tunneling of electrons is not
enhanced from the flat surface when the asperities
are relatively positively biased. Asperities may be
generated over a range of conditions and are not
limited to the particular example stated above. As
indicated, the various layers 50, 52, 54 of polysilicon
forming the electrodes and floating gate of the
device 10 are insulated from each other by silicon
dioxide dielectrics. As shown in FIGURES 2,3 and 4,
the overlapping region 18, 43 between the floating
gate 2 and the programming electrode 1 is the area
in which electrons tunne! through the separating
oxide from the programming electrode to the float-
ing gate when a sufficiently relatively positive vol-
tage is present on the floating gate. The overlapping
region 25 between the erase/store gate 3 and the
floating gate 2 is the area in which electrons tunnel
through the separating oxide 42 from the floating
gate when a sufficiently relatively positive voltage is
present on the gate 3. Gate 3 overlaps region 7 to
form a coupling capacitor 21 of capacitance CC3
determined by the overlap area and the thickness of
insulation 6, the voltage difference of the erase/store
gate 3 relative to the bias electrode 7 and the doping
density N of the bias electrode. The floating gate 2
also overlaps the bias electrode 7, forming a coupl-
ing capacitor 22 having a capacitance CC2 deter-
mined by the overlap area, thickness of insulation 5,
voltage difference of the floating gate 2 relative to
the bias electrode 7 and the doping density N. The
region 9 is a standard, heavily doped region which is
normally formed during the process step that forms
the source drain regions of the various transistors.
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Capacitance element 25 having a capacitance CE,
capcitance element 19 having a capacitance Csub,
and capacitance element 18 having a capcitance Cp
are formulated as shown in the figures, and are real-
ized from properties of various of the structural ele-
ments of the device 10. In this connection, split
capacitor 23 having a total capacitance C1 is formed
between the first polysilicon layer and the third
polysilicon layer. This capacitor, plus the capaci-
tance of the gate of transistor 8 causes node 29 to
rise slower than node 30 of the RAM cell 12 during
the power-up cycle (involving application of power
with potential Vcc) provided that transistor 20 is in a
nonconductive state. Capacitor 17 having a capaci-
tance C2 is formed between the first polysilicon layer
and the substrate area. The total capacitance of
capacitance C2 and the gate capacitance of transistor
20 is set to be substantially larger that the total
capacitance of capacitance C1 and the gate capaci-
tance of transistor 8, to cause node 30 to rise more
slowly than node 29 during power-up. Capacitor 18
having a capacitance Cp is formed between the
polysilicon floating gate of transistor 20, and the first
polysilicon layer 50. This capacitor provides a struc-
ture for tunneling of electrons from the program-
ming electrode 1 of the first polysilicon layer 50, to
the floating gate 2. Tunneling occurs when a suffi-
ciently large electric field is developed across the
capacitor 18 during “programming”. Erase capacitor
25 having a capacitance CE is formed between the
erase/store electrode 3 of the third polysilicon layer
54, and the floating gate 2. This capacitor 25 pro-
vides a structure for tunneling electrons from the
floating gate 2 to the erase/store electrode 3 (“eras-
ing"'). Tunneling occurs when a sufficiently large
electric field is developed across the capacitor 25.
Capacitor 25 also coupled some potential to the
floating gate during programming. Capacitor 21 hav-
ing a capacitance of CC3 is formed between the
erase/store electrode 3 to the substrate n-implanted
bias electrode 7. This capacitor provides electric
potential coupling to the floating gate 2 through
capacitor 22 when a transistor 8 is off. Capacitor 22
having a capacitance CC2 is formed between floating
gate 2 and the substrate n-implanted area of the bias
electrode 7. When transistor 8 is in a nonconducting
state, electric potential couples from the erase/store
electrode 3 (through capacitor 21) to bias electrode
7, then from the bias electrode 7 to the floating gate
2 (through capacitance 22). if voltage is applied to
electrode 3 when transistor 8 is in a conducting state,
bias electrode 7 is held at ground potential, and
capacitance 22 holds the floating gate potential low
so that a large field can develop across capacitor 25.
Capacitor 19 having a capacitance Csub is an unde-
sired parasitic p-n junction capacitor which decou-
ples capacitor 22 and capacitor 21 from the
erase/store electrode 3 during programming. This
capacitor should be minimized. As indicated, transis-
tor 8 is a transistor which senses the state of the
RAM cell 12 and instructs the nonvolatile element 14
to “program’’ or “erase”, depending on the memory
state of the RAM cell 12, in order to copy the memory
state of the RAM cell. Transistor 20 is a transistor
which, in turn, communicates the state of the non-

-
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volatile element 14 to the RAM cell 12. The functions In operation, node 29 of the bistable RAM cell 12
of these capacitances and capacitor 21, capacitor 22, will be either in a higher or in a lower electric poten-
capacitor 17 and transistors 8 and 20 will be elabo- tial state, with node 30 having the opposite electric
rated upon in the description of the cell operation. potential state. The capacitive coupling means for

5 By employing an n-channel silicon gate three-layer 70 coupling the RAM cell 12 to the nonvolatile element
polysilicon fabrication process, a manufacturable, 14 is adapted to sense the memory state of the RAM
compact, easy-to-operate nonvolatile static RAM cell 12, and based on such sensing, determines
device 10 may be provided as illustrated which can whether to inject electrons onto the floating gate 2 or
be used, for example, in microcomputer applica- remove electrons from the gate 2 in order to copy

,10 tions. An array of the memory devices can be used 75 the memory state of the RAM cell 12. In this connec-
as a conventional RAM with power-down data stor- tion, when node 29 is high, transistor 18 is conduc-
age capability {“crash protection”), or as a volatile tive and the drain of transistor 8 couples the large
RAM coexistent with a nonvolatile ROM. The cell can inversion plate (n-type) of the capacitors 21 and 22 to
store two independent bits of data, one in the RAM ground. If the ““store” pulse of about 25V is applied

15 section 12, and one in the nonvolatile section 14 of 80 to erase/store electrode 3, an electric field will
each cell. develop across capacitor 25 which is sufficiently

Itis important to note that the RAM cell 12 may large to tunnel electrons from the floating gate 2 to
function independently of the ROM cell 14 and that the electrode 3. The floating gate 2 is in turn the gate
nonvolatile storage does not necessarily occur with of transistor 20. Now, if the entire circuit 10 is

20 every conventional RAM “write” cycle. Instead, the 85 “powered-down” (all voltage removed) and then
nonvolatile storage occurs only when a “store” RAM supply voltage Vcc is powered back up to
command is given to the memory array. In RAM approximately 5 volts, the state of the nonvolatile
arrays of the device 10, the arrays may be used as a element 14 will be copied to the RAM cell 12. In this
system for placing a RAM data pattern into the cor- connection, the depletion load transistors 31, 32 will

25 responding nonvolatile floating gate elements. In 90 attempt to pull up nodes 29 and 30, respectively.
this connection, the corresponding nonvolatile ele- However, because transistor 20 is conductive (its
ment portion of the array may function as an electri- gate is charged positive) and because the capaci-
cally alterable read only memory (ROM). The non- tance of node 30 plus the capacitance C2 of capacitor
volatile element 14 may be referred to as a ROM, for 17, plus the gate capacitance of transistor 20 is grea-

30 simplicity of reference in the following description. 95 ter than the capacitance of node 29 plus capacitance
Because data may be stored in the nonvolatile ROM C1 of capacitor 23 pius the gate capacitance of trans-
element 14 for future recall to the RAM cell 12, this istor 8, node 30 wilf pull up slower than node 28 in
data storage function may desirably be used for a the illustrated embodiment, when node 29 reaches
total power-down situation or other such circums- approximately 1 volt, the cross-coupled amplifier

35 tance in which a conventional RAM would irretriev- 100 will engage and set node 29 high and node 30 low.
ably lose its data. On the other hand, when node 29 is initially low,

Furthermore, because the RAM portion 12 and the transistor 8 is off (nonconductive) and the large
ROM portion 14 of the cell 10 are “transparent” to n-inversion plate of capacitors 21, 22 of the bias elec-
one another, the RAM section can be operated sub- trode 7 is allowed to float. If a "store” pulse of about

40 stantially independently of the data state of the ROM 105 25 volis is applied, to the erase/store electrode 3,
section. Because of this feature and because the capacitor 21 will couple potential through capacitor
RAM section copies the true data state of the ROM 22 to the floating gate 2. Also, the 25 volt “'store”
section upon power-up, an arbitrary starting prog- voltage pulse will couple somewhat through
ram such as is conventionally stored in mask prog- capacitor 25 to the floating gate 2. The net effectis to

45 rammable ROM memories can be loaded automati- 110 produce a large enough field across capacitor 18 to
cally into the RAM array section of a memory array * cause electrons to tunnel into the fioating gate 2
of devices 10 when system power returns. The from the programming electrode 1 and charge the
stored data or program of the ROM may be retained floating gate negative. With the floating gate nega-
substantially indefinitely for recall to the correspond- tive, transistor 20 will be off (nonconductive).

50 ing RAM cells. In the operation of the device 10 while 115  The entire circuit ay then be powered down, and
power at potential Vcc is being supplied to the RAM then the Vce supply may be powered up. As before,
cell 12, the memory state content of the static RAM transistors 31, 32 attempt to pull up nodes 29, 30
section 12 can be copied into the ROM section 14 by respectively. However, in this case, the capacitance
applying a single “store” pulse of about 25 volts to of node 29 plus the capacitance C1 of capacitor 23

. 55 the erase/store electrode 3 by means of suitable con- 120 plus the gate capacitance of transistor 8 is larger
trol circuitry {not shown) which may be of on-chip or than the capacitance of node 30 (transistor 20 is off).
off-chip design. When power is removed from the Node 30 will accordingly be slightly higher than
RAM cell 12 the ROM 14 holds that data substantially node 29 and will accordingly cause the cross-
indefinitely, or until it is altered. When operating coupled amplifier to engage, setting node 30 high

60 power (Vcc) is again applied to the static RAM 12 it 125 and node 29 low as was the case when previous
automatically nondestructively copies the date of the store pulse command occurred to copy the RAM
ROM portion 14. The RAM 12 thus remembers where state to the floating gate element 14.
it “left off”” when the power was removed, or more Accordingly it will be seen that in the operation of
precisely, when the 25 volt “’store’” command pulse the device 10, when the RAM cell 12 is in a certain

65 last occurred. 130 memory state (node 29 high and node 30 low, or
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node 29 low and node 30 high) the ROM section 14
will copy that state in such a way that upon power-
up the RAM cell section 12 will directly copy back the
same state from the ROM section 14.

For recalling data from the nonvolatile ROM cell 14
to the RAM cell 12, when the voltage supply Vcc is
powered up (again) various capacitance relation-
ships should be fulfilled. For recalling data to the
RAM cell 12 from the ROM cell 14 under circuit con-
ditions when transistor 20 is off, the capacitance C1
of capacitor 23 plus the gate capacitance of transis-
tor 8 should be large enough to insure that node 29
will always pull up more slowly than node 30 and
cause the cross coupled amplifier of the RAM cell 12
to set the node 29 low (off), and node 30 high {on).

For recalling data to the RAM cell 12 from the ROM
cell 14 under conditions when the transistor 20 is on,
capacitance C2 of capacitance 17 plus the gate
capacitance of transistor 20 should be sufficiently
greater than capacitarice C1 of capacitor 23 plus the
gate capacitance of transistor 8 to cause the cross
coupled ampilifier of the RAM cell 12 to set the node
30 low and the node 29 high. Representative capaci-
tance values of these capacitances of the illustrated
embodiment 10 are as follows:

Node 29 approximately 0. 70 picofarads

Node 30 (with transistor 20 on) approximately 0.20
picofarads

Node 30 (with transistor 20 off) approximately 0.05
picofarads

The described nonvolatile static RAM cell also has
further advantages due to the presence of a self-
regulating and compensation circuit present in the
nonvolatile device which tends to increase the
number of useful cycles in the nonvolatile device as
described in the above referred to co-pending appli-
cation Serial No. . As indicated, an array of a
number of such memory devices may readily be
formed on a substrate chip with suitable support cir-
cuitry and interconnections to provide a nonvolatile
addressable static RAM memory device. The data of
the entire RAM section array may be readily copied
to the corresponding ROM section array, and
recopied to the RAM array upon power up of the
RAM array.

While the present invention has been particularly
described with respect to the illustrated embodi-
ment, it will be appreciated that various alterations,
modifications and adaptations may be made based
on the present disclosure, and are intended to be
within the spirit and scope of the present invention.

Various of the features of the invention are set
forth in the following claims.

CLAIMS

1. A nonvolatile memory device comprising a
volatile semiconductor memory cell for storing
binary data, means for reading from and writing to
said volatile memory cell, a nonvolatile memory
means, comprising an electrically insulated floating
gate conductor, for storing binary data as one of two
different electric charge levels on said floating gate
conductor, means for capacitively coupling said vol-
atile memory cell to said nonvolatile memory means
and for copying the memory state of said bistable
memory cell to the floating gate component as a
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predetermined one of said electric charge levels
floating gate conductor, and means for capacitively
coupling said floating gate conductor of said non-
volatile memory means to the said volatile memory
cell for copying the memory state of said floating
gate to said volatile memory cell upon application of
electrical power to said volatile memory cell.

2. The cell of Claim 1 in which the volatile mem-
ory cell is a bistable cross-coupled flip-flop memory
cell.

3. Thecell of Claim 1 in which the memory cellis*®
a six-transistor n-channel static random-access
memory cell.

4. The cell of Claim 1 in which the memory cell is
a four-transistor n-channel static random-access
memory cell.

5. Acellin accordance with Claim 1 in which said
memory cell is a six-transistor CMOS/SOS static
random-access memory cell.

6. The cell of Claim 1 in which said memory cell
is a six-transistor bulk CMOS static random-access
memory cell.

7. Acellin accordance with Claim 1 wherein said
volatile memory cell is a dynamic memory cell.

8. Acellin accordance with Claim 1 wherein the
nonvolatile memory means comprises a plurality of
electrodes and wherein at least two of said elec-
trodes and said floating gate are constructed with
three layers of polysilicon.

9. Acellin accordance with Claim 1 wherein
asperities are provided to promote electron flow to
and from said floating gate conductor component of
said nonvolatile memory means.

10. Acellin accordance with Claim 1 wherein
application of a single “store’” voltage control signal
to the cell causes the contents of said volatile mem-
ory cell to be transferred into said nonvolatile mem-
ory means.

11.  Acell in accordance with Claim 1 in inte-
grated circuit array with a plurality of like cells.

12. A method for nonvolatile storage of binary
information in a semiconductor integrated circuit,
comprising the steps of capacitively sensing the one
of two binary memory states of a volatile semicon-
ductor memory cell having binary information
stored therein, providing a predetermined one of
two electric charge levels on a dielectrically isolated
floating gate conductor corresponding to said one
capacitively sensed memory state of said volatile
memory cell without altering the memory state of
said volatile memory cell, subsequently capacitively
sensing said one of two charge levels of said floating..
gate conductor, and providing said volatile memory
cell with the same said one of two memory states
corresponding to said gate conductor.
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