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- SPECIFICATION

TITLE OF INVENTION
FLOATING-GATE SEMICONDUCTOR STRUCTURES

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application is a continuation-in-part of co-pending U.S. Patent
Application Serial No. 09/699,059 filed October 27, 2000 in the names of Christopher J.
Diorio and Carver A. Mead, now U.S. Patent No. 6,452,835 issued on September 17,
2002 and commonly owned herewith. That applicatioﬂ is, in turn, a continuation of
copending United States Patent Applicaﬁon Serial No. 09/201,327 filed November 30,
1998, now US Patent No. 6,144,581 issued on November 7, 2000. Uﬁited IStates Patent
Application Serial No. 09/201,327 is a divisional\ of United States Patent Application
Serial No. 08/882,717 filed June 25, 1997, now 6.8. Patent No. 5,898,613 issued on
April 27, 1999 which is, in turn, a continuation-in-part of: (1) United States Patent
Application Serial No. 08/690,198 filqd July 26, {;996, now U.S. Patent No. 5,825,063
issued on October 20, 1998; (2) United States Patent Application Serial No. 08/721,261
filed September 26, 1996, now U.S. Patent No. 5,875,126 issued on February 23, 1999;
and (3) United States Patent Application Serial No. 08/845,018 filed April 22, 1997, now
U.S. Patent No. 5,990,512 issued on November 23, 1999. U.S. Patent No. 5,990,512
claims the benefit of United States Provisional Patent Application Serial No. 60/016,464
filed April 29, 1996 (as do its progeny) and is a continuation-in-part of: (1) United
Stated Patent Application Serial No. 08/399,966 filed March 7, 1995, now U.S. Patent
No. 5,627,392, '(2) United States Patent Application Serial No. 08/721,261 filed
September 26, 1996, now U.S. Patent No. 5,875,126; (3) United States Patent
Application Serial No. 08/690,198 filed July 26, 1996, now U.S. Patent No. 5,825,063;
and (4) United States Provisional Patent Application Serial No. 60/022,360 filed July 24,
1996. U.S. Patent No. 5,875,126 claims the benefit of United States Provisional Patent
Application Serial No. 60/004,566 filed September 29, 1995 (as do its progeny). U.S.
Patent No. 5,986,927 issued on November 16, 1999, from United States Patent
Application Serial No. 09/189,595 filed November 10, 1998 is a divisional of United
States Patent Application Serial No. 08/721,261. U.S. Patent No. 5,898,613 claims the
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benefit of United States Provisional Patent Application Serial No. 60/022,360 filed July
24, 1996 (as do its progeny) and is-a continuation-in-part of United States Patent
Application Serial Nos. 08/845,018 and 08/721,261. U.S. Patent No. 5,825,063 cl;lims
the benefit of United States Provisional Patent Application Serial No. 60/006,795 filed
November 15, 1995 (as do its progeny) and is a continuation-in-part of United States
Patent Application Serial No. 08/399,966 filed March 7, 1995, now U.S. Patent No.
5,627,392 issued on May 6, 1997. U.S. Patent No. 5,914,894 issued on June 22, 1999,
based on United States Patent Applicaiion Serial No. 09/088,655 filed June 1, 1998, and
is a divisional of United States Patent Application Serial No. 08/690,198. U.S. Patent
No. 6,125,053 issued on September 26, 2000, based on United States Patent Application
Scrial No. 09/201,677 filed November 30, 1998, is a divisional of United States Patent
Application Serial No. 08/882,717.

STATEMENT OF GOVERNMENT RIGHTS IN THE INVENTION
[0002] The present invention was made with support from the United States
Government under grant number N00014-89-J-1675 awarded by the Office of Naval
Research of the Department of the Navy and under grant number N00014-89-J-3083
awarded by the Advanced Research Projects Agency of the Department of Defense. The

United States Government may have certain rights in the invention.

.FIELD OF THE INVENTION
[0003] The present invention is directed to the field of floating gate

semiconductor structures.
BACKGROUND OF THE INVENTION

[0004] The scaling of silicon integrated-circuit processing to deep-submicron
feature sizes poses significant challenges for SOC (systems-on-a-chip) design. On the
positive side, scaling increases the density and speed of digital CMOS (complementary
metal oxide semiconductor). On the negative side, scaling burdens analog CMOS with
low transistor-breakdown voltages, poor transistor matching, and limited dynamic range.
SOC applications typically require deep-submicron CMOS for the digital circuitry, but

have analog inputs and/or outputs. To enable mixed-signal SOC applications, engineers



WO 2004/006340 PCT/US2003/021677
need a simple way to design precision analog circuits side-by-side with digital logic, in
standard digital CMOS processes. One approach that holds huge promise is to use self--
tuning transistors that adapt locally to improve circqit performance. If engineers had a
simple means to ilncorporate local parallel adaptation in their silicon chips, they could
greatly advance SOC performance and applications. Unfortunately, large-scale local
learning in silicon has so far eluded researchers. A primary reason is the lack of a simple

way to enable nonvolatile analog on-line adaptation in CMOS circuits.

[0005] Prior art floating gate transistors, which use electrical charge stored on a
floating polysilicon gate embedded in an insulator such as silicon dioxide, provide
suitable nonvolatile analog storage. The charge on sucha floating gate is known to
remain fixed for pqﬁods of many years. Although the advantages of using floating géte
transistors as memory elements are well khown,\their application to silicon ieaming
networks and analog memory cells has been limﬁed. The principal reason has been the
lack of suitable bidirectional and self-convergent\ mechanisms for writing the analog
memory. Because the gate of a floating gate transistor is completely embedded within an
insulator, writing the memory involves moving c*xarge carriers through this insulator.
Many mechanisms are known which will move electrons through an insulator. Two are

tunneling and hot-electron injection.

[0006] The difficﬁlty in transporting electrons across the barrier presented by the
silicon/oxide interface is depicted in FIG. 1. Surmounting the barrier 10 requires that an
electron possess more than about 3.1 eV of energy. At room temperature the probability
that semiconductor electrons will possess this energy is exceedingly small. Alternatively,
an electron cou|ld tunnel through this barrier; however, at the oxide thicknesses required

for nonvolatile storage the tunneling probability is also exceedingly small.

[0007] Fowler-Nordheim (FN) tunneling involves applying a voltage across the
oxide 12, as shown in FIG. 2 which enhances the probability of an electron tunneling
through it. Tunneling current versus oxide voltage for a 400 A SiO, gate oxide typical of
22 micron MOS (metal oxide semiconductor) process is shown in FIG. 3. Bidirectional
currents through the oxide are required to achieve the learnihg and unlearning functions

necessary in a silicon learning cell, and the writing and erasing necessary in an analog
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memory cell. Although the tunneling process has no preferred direction, bidirectional

tunneling requires either dual polarity high voltages, or a single polafity high voltage and
a means for pulling the floating gate to this voltage when adding electrons, and puliing it
near ground when removing them. Both approaches are unattractive. The dual polarity
solution requires a negative‘voltage much lower than the substrate potential; the single
polarity solution does not support simultaneous memory reading and writing or self-

convergent memory writes.

[0008] Single polarity bidirectional tunneling is often used in writing digital
EEPROM s (electrically eraseable programmable read-only memories). Since writing the
memory involves pullin g the floating gate either to the supply voltage or to ground, the
EEPROM cell cannot be read during the write process. Excess charge is typically added
to the floating gate to compensate for this lack of memory state feedback. Although
excess charge is acceptable when writing a binary valued "digital" memory, where the
exact quantity of charge is irrelevant once it exceeds the amount necessary to completely
switch the device to one of its two binary states, uncertainty in the amount of charge
applied to an analog memory cell may result in si gnifiéant memory error. Because the
memory-write process is not self-convergent, analog EEPROMs use iterative writes.
This need has not been satisfied adequately by commercial nFET (n-channel field effect
transistor) EEPROMs, primarily because conventional EEPROM transistors do not
permit simultaneous memory reading and writing. Most analog EEPROM
implemeﬁtations requiire iterative writes: first the memory is written, then it is read; the
written and read values then are compared, and the error is used to write a correction.

This cycle is repeated until the error is within prescribed bounds.

'[0009] . Hot-electron injection is a prbcess whereby electrons near the surface of a
semiconductor acquire more than about 3.1 eV of energy, typically by acceleration in an
electric fiéld, and then surmount the silicon/oxide barrier. Once in the silicon dioxide
conduction band, an electric field applied across the oxide carries these electrons to the

floating gate. There are a number of ways of accomplishing hot-electron injection.

[00010] One source for a high electric field is the collector-to-base depletion

region of either a vertical or lateral bipolar junction transistor (BJT). An example of a
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lateral BJT used in a similar application is shown in U.S. Patent No. 4,953,928 to

Anderson, et al. Although this device is suitable for analog learning applications, each
learning cell requires both an injection BJT and a MOSFET (metal oxide semiconductor
field effect transistor), the former to effect hot-electron injection and the latter to read the-

stored charge. A reduction in the number of transistors per cell would be highly

desirable.

[00011] Another source for a high electric field is in the channel region of a split-
gate n;type MOSFET. Split-gate injectors, as shown and described in U.S. Patent No.
4,622,656 to Kamiya, et al., contain two partially overlapping gate regions at very
different voltages. The resulting surface potential drops' abruptly at the interface between
the two gates, creating a high electric field localized in this small region of the transistor
channel. Unfortunately, since the control gate modulates the injection rate but does not
receive the injected charge, the memory cannot ﬂe both written and read simultaneously.

Such a device is acceptable for digital EEPROM& but is unsuitable for analog learning

cell or analog memory applications.

[00012] A third source for high electric field is the drain to source voltage dropped
across the channel region of an above-threshold sub-micron n-type MOSFET. The
disadvantage of this device is that in order to achieve injection, both the drain and gate
voltages must exceed approximately 2.5 volts which results in high channel current and

consequent high power consumption.

[00013] A fourth source for high electric field is the drain to channel depletion
region formed iln an n-type MOSFET. In a conventional MOSFET, as depicted in FIGS.
4-5, this field only exists when the drain-to-source voltage exceeds 2.5 volts and the
transistor is operated at or near its subthreshold regime. Since subthreshold MOSFET
gate voltages are typically less than one volt, electrons injected into the gate oxide
encounter a large electric field directed towards the transistor drain, opposing their
transport to the floating gate. The resulting charge transfer to the floating gate is

hegligibly small as can be seen in the FIG. 5 energy band diagram of the transistor of
FIG. 4.
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[00014] Accordingly, there is a need for an improved silicon analog memory cell
(useable as well for digital value storage) which can be written and erased, written and

read simultaneously, and realized in a single device.

[00015] Additionally, implementétions which are suitable in standard logic CMOS
processes are preferable. A logic CMOS process is any silicon process capable of
fabricating p-type and n-type FETs with the minimal number of processing steps.
Additional steps, for example double-polysilicon processes, increase the cost of

fabricating such memory devices.

BRIEF DESCRIPTION OF THE INVENTION
[00016] Hot-electron injection driven by hole impact ionization (IHEI) in the
channel-to-drain junction of a p-channel MOSFET provides a new mechanism for
writing a floating-gate memory. Various pFET floating-gate structures use a
combination of this mechanism and electron tunneling to impiement nonvolatile analog
memory, nonvolatile digital memory, or on-line learning in silicon. The memory is
nonvolatile because the devices use electrically isolafed floating gates to store electronic
charge. The devices enable on-line learning because the electron injection and tunneling
~mechanisms tﬁat write the memory can occur during normal device operation. The
memory updates and learning are bidirectional because the injection and tunneling
mechanisms add and remove electrons from the floating gate, respectively. Because the
memory updates depend on both the stored memory and the pFETs terminal voltages,

and because they are bidirectional, the devices can implement on-line learning functions.

BRIEF DESCRIPTION OF THE DRAWINGS
[00017] The accompanying drawings, which are incorporated into and constitute a
part of this specification, illustrate one or more embodiments of the present invention
and, together with the detailed description, serve to explain the principles and

implementations of the invention.

.[00018] In the drawings:
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FIG. 1 is an energy band diagram showing the potential barrier faced by a

conduction electron at a silicon/oxide interface.

' FIG. 2 is an energy band diagram showing the potential faced by an électron in
silicon attempting to pass through a silicon dioxide barrier in the presence of a

Fowler-Nordheim tunneling potential.

FIG. 3 is a diagram showing a semi-log plot of tunneling current versus oxide

voltage for a gate oxide tunneling junction.

FIG. 4 is a diagram of an n-type MOSFET sh0\:ving the inability to inject

electrons from the ‘channel to the gate.

FIG. 5 is an energy band diagram of the ¢onventi0na1 n-type MOSFET described
in FIG. 4.

FIG. 6 is a simplified circuit model for a pFET synapse. Electron tunneling and
injection modify the gate offset voltage VL.

FIG. 7 is A pFET synapse, showing the electron tunneling and injection
locations. The three diagrams (7A, 7B and 7C) are aligned vertically. The
vertical is exaggerated in FIG. 7B, and subthreshold operation (I,<100nA) is
assumed with the device implemented in a 0.35pm process. Although the gate
oxide’s band diagram projects vertically; to better illustrate the injection process
it is rotated by 90° and drawn in the channel direction. Synapse wei ght is
decrease':d by tunneling electrons to the tunneling junction; it is increased by
injecting electrons from the drain region to the floating gate. In this embodiment
the tunneling jﬁnction comprises a shorted pFET in an n- well, for two reasons.
First, a lightly doped n- well can accommodate high positive voltages without pn-
junction breakdown to substrate. Second, a shorted pFET in an n- well is a valid

structure (that satisfies design rules) in any CMOS process.

FIG. 8 illustrates tunneling (gate) current I versus —1/Vox, for a synapse

fabricated in a 2 um CMOS process. Vox is the potential between the tunneling
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junction and the floating gate. The gate current is normalized to the tunneling-

junction (gate oxide) area.

FIG. 9 is a plot of IHEI efficiency (gate current I; divided by source current L),
versus channel-to-drain potential V.4, for synapses fabricated in 2um and 0.35um
processes. The drain voltage is referenced to the channel, because the hot-

~ electron population derives from the channel-to-drain electric field. The source-
to-drain voltage, Vyq, is a few hundred millivolts smaller than V4. In the
subthreshold regime, I; increases linearly with I;; consequently, these data show

the THEI efficiency for the entire subthreshold source-current range.

FIG. 10 is an electrical schematic diagram of a two by two synaptic array in
accordance with one embodiment of the present invention. Column synapses
share a common tunneling wire, meaning that they share a.common tunneling

well in this embodiment.

FIGS. 11A and 11B are plots of data illustrating synapse isolation in the array of
FIG. 10, fabricéted in a 2um CMOS process.‘ To obtain the data shown in FIG.
11A, all four synapses were initialized to [;=100nA. Synapse {1,1} was then
tunneled down to 100pA, then injected back up to 100nA, while measuring the
source currents of the other three synapses. Crosstalk to the {1,2} synapse,
defined as the fractional change in the {1,2} synapse’s source current divided by
the fractional change in the {1,1} synapse’s source current, was 0.004 % during
tunneling, and was 0.005% during injection. To obtain the data shown in FIG.
11B, all four synapses were initialized to [;=100pA. Synapse {1,1} was then
injected up to 100nA, then tunneled back down to 100pA. Crosstalk to the {1,2}
synapse was 0.016 % during injecting and 0.007 % during tunneling. In both

experiments, the crosstalk to the row 2 synapses was negligible.

FIGS. 12A and 12B illustrate the process of self-convergent memory writes.
FIG. 12A is an electrical schematic diagram of an example circuit; FIG. 12Bisa .
plot of the output of a SPICE simulation showing the pFET’s drain voltage Vy -

and drain current Iy during a write. First, electrons are tunneled off the floating



WO 2004/006340 PCT/US2003/021677
gate 80 Ig<Is (not shown in the simulation), then tunneling is stopped, then -
writing begins. Switch SW; is closed at t=0, causing V4 to drop, electrons to
inject onto the floating gate, and Iy to rise. A§ I approaches L., Vg rises, turning
off the injéction. I reaches 99% of its final value in 140ps. The memory is read
by applying V¢=1.7V and measuring 13, with an accuracy that depends on the \
circuit details but can be better than 1%. The simulation parameters were

Vdd=6V, C= SfF, I,ef= IOILA.

FIG. 13A is a top view of a pMOS analog EEPROM cell in accordance with one

embodiment of the present invention.
i

FIG. 13Bisa cross sectional view taken along line 13B--13B of FIG. 13A ofa
pMOS analog EEPROM cell in accordanice with one embodiment of the present

invention.

FIG. 13C is an electron band diagram of a pMOS analog EEPROM cell in

accordance with one embodiment of the pk‘esent invention.

FIG. 14A is a top plan view of a pFET synapse transistor in accordance with one
embodiment of the present invention useable as an EEPROM and implemented in

a double layer polysilicon process.

|

FIG. 14B is a side elevational cross-section of the pFET device of FIG. 14A
taken along line 14B-14B of FIG. 14A.

FIG. 14C is an electron conduction band diagram of the device of FIGS. 14A and
14B. The voltages in the diagram are referenced to the source potential, and

subthreshold (I < 100nA) operation is aséumed.

FIG. 15 is a plot of pFET gate current versus source current, for a fixed drain-to-

source voltage Vg =12V.

FIG. 16 is a plot of pMOS memory-cell input-output transfer function and output
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write error for a 1 sec write-pulse width.
FIG. 17 is a plot of pMOS memory-cell write errors versus write-pulse width.

FIG. 18A is a top view of a guarded pFET synapse incorporating a bowl-shaped

tunneling junction in accordance with one embodiment of the present invention.

FIG. 18B is a cross-sectional view of the device of FIG. 18A taken along line
18B-18B of FIG. 18A.

FIG. 19 is a plot of the bowl-shaped tunneling junction turn-on delay.

FIGS. 20 and 21 are, respectively, a top plan view and a side elevational cross-
section of a two-layer polysilicon version of a device in accordance with one

embodiment of the present invention. This version provides four terminals.

FIGS. 22 and 23 are, respectively, a top plan view and a side elevational cross-
section of a two-layer polysilicon version of a device in accordance with one

embodiment of the present invention. This version provides four terminals.

FIGS. 24 and 25 are, respectively, a top plan view and a side elevational cross-
section of a single-layer polysilicon version of a device in accordance with an
embodiment of the present invention. This device corresponds somewhat to the
embodiment of FIGS. 20 and 21 which utilize a two polysilicon layer process.

This version provides three terminals.

FIGS. 26 and 27 are, respectively, a top plan view and a side elevational cross-
section of a single-layer polysilicon version of a device in accordance with an
embodiment of the present invention. This device corresponds to the
embodiment of FIGS. 24 and 25 except that a shorted pFET is used as the

tunneling junction.

10
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FIGS. 28 and 29 are, respectively, a top plan view and a side elevational cross-
section of a single-layer polysilicon version of a device in accordance with an
embodimept of the present invention. This device corresponds to the |
embodiment of FIGS. 26 and 27 except that a shorted nFET is used as the

tunneling junction.

FIGS. 30 and 31 are, respectively, a top plan view and a side elevational cross-
section of a single-layer polysilicon version of a device in accordance with an

embodiment of the present invention. This version provides three terminals.

l :
FIGS. 32 and 33 are, respectively, a top plan view and a side elevational cross-
section of a. single-layer polysilicon version of a device in accordance with an

. . . 3 - . » ‘ .
embodiment of the present invention. Thiis version provides three terminals and

\

utilizes a bowl-shaped tunneling junction.

FIGS. 34 and 35 are, respectively, a top plan view and a side elevational cross-
section of a single-layer polysilicon version of a device in accordance with an
embodiment of the present invention. This version provides three terminals and

_utilizes a shorted nFET as the tunneling junction.

FIGS. 36 and 37 are, respectively, a top plan view and a side elevational cross-
section of a double-layer polysilicon version of a device in accordance with an
embodiment of the present invention. This version provides four terminals and

utilizes a shorted pFET as the tunneling junction.

FIGS. 38 and 39 are, respectively, a top plan view and a side elevational cross-
section of a double-layer polysilicon version of a device in accordance with an
embodiment of the present invention. This version provides four terminals and

utilizes a shorted nFET as the tunneling junction.

FIGS. 40 and 41 are, respectively, a top plan view and a side elevational cross-

section of a single-layer polysilicon version of a device in accordance with an

11
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embodiment of the present invention. This version provides four terminals and

utilizes a three-n- well approach to provide a separate control capacitor.

FIGS. 42 and 43 are, respectively, a top plan view and a side elevational cross-
section of a single-layer polysilicon version of a device in accordance with an
embodiment of the present invention. This version provides four terminals and

utilizes a three-n- well approach to provide a separate control capacitor.

FIGS. 44 and 45 are, respectively, a top plan view and a side elevational cross-
section of a single-layer polysilicon version of a device in accordance with an
embodiment of the present invention. This version provides four terminals and

utilizes a three-n- well approach to provide a separate control capacitor.

FIGS. 46 and 47 are, respectively, a top plan view and a side elevational cross-
section of a single-layer polysilicon version of a device in accordance with an
embodiment of the present invention. This version provides four terminals and

utilizes a three-n- well approach to provide a separate control capacitor.

FIGS. 48 and 49 are, respectively, a top plan view and a side elevational cross-
section of a single-layer polysilicon version of a device in accordance with an
embodiment of the present invention. This version provides two terminals and
utilizes a single-n- well appfoach. The tunneling junction is implemented using

either ultraviolet or high-temperature erasure.

FIGS. 50 and 51 are, respectively, a top plan view and a side elevational cross--
section of a_single-layer polysilicon version of a device in accordance with an
embodiment of the present invention. This version provides three terminals and

utilizes a bowl-shaped tunneling junction.

FIG. 52 illustrates a vertical replacement gate MOSFET device which may be

used to fabricate some of the floating gate structures referred to herein.

12



WO 2004/006340 PCT/US2003/021677
FIG. 53 depicts a FinFET device which may be used to fabricate some of the -

floating gate structures referred to herein.

DETAILED DESCRIL;TION
[00019] Embodiments of the present invention are described herein in the éontext
of floating gate semiconductor structures. Those of ordinary skill in the art will realize
that the following detailed description of the present invention is illustrative only and is
not intended to be in any way limiting, Other embodiments of the present invention will
readily suggest themselves to such skilled persons having the benefit of this disclosure.
Reference will now be made in detail to implementations of the present invention as
illustrated in the accompanying drawings. The same reference indicators will be used

throughout the drawings and the following detailed description to refer to the same or
|

like parts.

[00020] In the interest of clarity, not all of ‘the routine features of the
implementations described herein are shown and described. It will, of course, be
appreciated that in the development of any such a(i:tual implementation, numerous
implementation-specific deéisions must be made in order to achieve the developer’s
specific goals, such as compliance with application- and business-related constraints, and
that these specific goals will vary from one implementation to another and from one
devéloper to another. Moreover, it will be appreciated that such a development effort
might be complex and time-consuming, but would nevertheless be a routine undertaking
of engineering for those of ordinary skill in the art having the benefit of this disclosure. ’
[00021] As used herein, the symbol h+ indicates an n-doped semiconductor
material typically having a doping level of n-type dopants on the order of 10*! atoms per
cubic centimeter. The symbol n- indicates an n-doped semiconductor material typically
having a doping level on the order of 10'7 atoms per cubic centimeter. The Symbol p+
indicates a p-doped semiconductor material typically having a doping level of p-type
dopants on the order of 10%! atoms per cubic centimeter. The symbol p- indicates a p-
doped semiconductor material typically having a doping level on the order of 10" atoms
per cubic centimeter. Those of ordinary skill in the art will now realize that the devices

described herein may be formed on a conventional semiconductor substrate or they may

13
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as easily be formed as a thin film transistor (TFT) above the substrate, or on an insulator
(SOI) or on glass (SOG). Such persons of ordinary skill in the art will now also reahze
that a range of doping concentrations around those described above will also work.
Essentially, any process capable of forming pFETs and nFETs will work. Doped regions

may be diffusions or they may be implanted.

I[QOOZZ] The pfesent invention is directed to a family of devices we call synapse
transistors that implement long-term nonvolatile analog memory, allow bidirectional
memory updates, learn from an input signal without interrupting the ongoing
computation, and facilitate local, long-term adaptation in silicon. These synapse
transistors enable, among other things, self-tuning analog circuits in digital CMOS,

silicon circuits that learn autonomously and various forms of memory storage.

[00023] ' While synapse transistors cannot model the complex behavior of a neural °
synapse completely, they do implement long-term local learning: their output depends

not only on a present input, but also on a history of prior inpufs. Synapse transistors
allow the fabrication of silicon chips that learn and adapt locally and autonomously, in a
fashion similar to that used by biqlogy to tune its circﬁits. Using them it is possible to

build both precision analog circuits, and artificial learning networks, in digital CMOS.

[00024] - A pFET SYNAPSE TRANSISTOR

A synapse transistor is a conventional transistor with the following additional attributes:
(1) nonvolatile analog weight storage, (2) locally computed bidirectional weight updates,
and (3) simultaneous memory reading and writing. Floating-gate MOSFETs are used
herein as the basis for synapse transistors. Synapse transistors use floating-gate cﬁarge to
represent the nonvolatile analog weight, electron tunneling and hot-electron injection to
modify the floating-gate charge bidirectionally, and allow simultaneous memory reading
and writing by nature of the mechanisms used to write the memory. Varidus versions of
a pFET synapse are described herein in detail because of its cqmpatibility with standard

digital CMOS processing.

[00025] A conceptual model for a pFET synapse in illustrated in FIG. 6, and the
Jayout and band diagram of one embodiment of a pFET synapse is illustrated in FIG. 7.
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(Later on a large number of variants on this basic design are explained in detail). The’
synapse transistor of FIG. 7 comprises two MOSFETs: The first (on the left) is a readout
transistor; the second (on the right), with shorted drai‘n and source, forms a tunneling
junction. From thel control-gate’s perspective, removing electrons from or adding
electrons to the floating gate shifts the readout pFET’s threshold voltage bidirectionally.
The synapse uses Fowler-Nordheim (FN) tunneling to remove electrons from its floating
gate, and impact-ionized hot-electron injection (IHEI) to add electrons to the floating
gate. In accordance with this embodiment, each MOSFET is disposed in its own n- well
of a p- substrate. A double poly process is used which prdvides a capacitively coupled
control gate. P+ doped regions are used for the source and drain of the readout
transistor. Porﬁons A, B and C of FIG. 7 are aligned vértically to show, respectively, a

top view, a side cross-sectional view, and an electron band diagram.

[00026] Key features of this synapse are (A) the readout transistor remains a fully
functional p-channel MOSFET; (B) high voltages applied to the tunneling junction
tunnel electrons off the floating gate; (C) large drain-to-source voltages cause IHEI at the

drain, injecting electrons onto the floating gate.

[00027] In accordance with the FIG. 7 embodiment, signal inputs are applied tp
the second-level polysilicon (poly2) control gate, which, in turn, couples capacitively to
the first-level polysilicon (poly1) floating gate (see FIG. 7). From the control gate’s
perspective the transistor remains a conventional p-channel MOSFET, albeit with
reduced coupling to the channel because of the intervening poly1 capacitor.

[00028] Ilf the MOSFET is operated in its subthreshold regime, the synapée
transistor is well suited for neural network applications. The reason is that a subthreshold

floating-gate pFET performs a multiply operation as follows:
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where I is the source current, I, is a pre-exponential current, X is the coupling coefficient
from floating gate to channel, Vg, is the source—to—floating-gate voltage, Qs is the
floating-gate charge (source referenced), Cr is the total capacitance seen by the floating
gate, Uy is the thermal voltage k7/q, Ci is the input (poly1 to poly2) coupling
capacitance, Vi, is the control-gate voltage, Qr=C1U/K, ¥'=KCj/Cr, and
W=exp(Qste/Qr). The synapse wéight W is a learned quantity: Its value derives from the
floating-gate charge, which can change with synapse use. The synapse output is the

product of W and the source current of an idealized MOSFET that has a control-gate -

input Vi, and a coupling coefficient k” from the control gate to the channel.

[00029] For CMOS processes without poly2 a MOSCAP (MOS variable
capacitor: implementable, for example, aé a floating gate pFET with its source, drain
and well contact coupled together) as an input capacitor, or, for applications that can
tolerate the (small) charge leakage that occurs when a contact is added to the floating
gate, the floating gate can be connected to a metal-insulator-metal (MIM) capacitor.
Alternatively, sometimes no capacitor (i.e. no gate input) is required at all; in this case

the synapse transistor becomes a tunable current source or a tunable conductance.

[00030] The synapse weight W is decreased by tunneling electrons from the

floating gate to the tunneling jﬁnction (the shorted pFET and its associated n- well in

accordance with this embodiment). Positive high voltages on the tunneling junction‘

cause electron tunneling. The FN-tunneling process is illustrated in the energy-band

diagram of FIG. 7C. A potential difference befween the tunneling junction and the

floating gate reduces the effective oxide thickness, facilitating electron tunneling from
' the floating gate, through the SiO; barrier, into the oxide conduction band. The oxide

electric field then sweeps these electrons to the n- well.

[00031] FIG. 8 illustrates tunneling (gate) current I, versus —1/Vx, for a synapse
fabricated in a 2um CMOS process. Vo is the potential between the tunneling junction

and the floating gate. The gate current is normalized to the tunneling-junction (gate
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oxide) area. In FIG. 8, the tunneling current (oxide current) versus the reciprocal of the
voltage across the oxide is shown for synapses fabricated in 2 m and 0.35 pum processes.

These data behave as follows:

Vi
Vox

where I is the gate current; Vo is the oxide voltage (well voltage minus floating-gate
voltage); Vi is a constant that depends primarily on oxide thickness; and I, is a pre-

exponential current. I, is negative, because tunneling reduces the weight W.

[00032] | The synapse Weight W is increased by injecting electrons ontq the floating
gate. As shown in the energy-band diagram of F P 7C, chahnel holes, accelerated in the
- transistor’s channel-to-drain depletion region, can collide with the semiconductor lattice
and liberate additional electron-hole pairs. The ionized electrons, promoted to their
conduction band by the collision, are expelled from the drain by the same channel-to-
drain electric field. Electrons expelled wi‘th more ];an 3.1eV of kinetic energy, if
scattered upward into the gate oxide, can overcome the 3.1V difference in electron
affinity between the Si and SiO» conduction bands, inject into the SiO,, and be collected

by the floating gate. Injection reduces the threshold voltage Vt of a pFET.

[00033] In FIG. 9, IHFEI efficiency (defined as gate current I divided by source
current I;), is plotted for synapse transistors fabricated in 2pum and 0.35 um processes.
The data is plotted as efficiency because gate current increases linearly with source
current over the entire subthreshold range; predictably, because the gate current derives
ffom the hot-electroﬁ population, and this population, in turn, increases linearly with the

source current.

[00034] For a 0.35 um synapse, when the readout transistor’s source-to-drain
voltage Viq is less than 3V, the IHEI gate current is exceedingly small, and the weight W

remains nonvolatile. When Vg exceeds 3.5V, the gate current causes measurable
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' changes in the synapse weight W. The data of FIG. 4 is approximated with a simple

exponential:

Ved

inj

V .
I =BIS¢ @

where I, is the gate current,  is the source current, Vqis the channel-to-drain potential,

and P and Vi, are fit constants. I is positive, because IHEI increases the weight W.

[00035] In a synapse transistor one can simultaneously (1) read the channel
current; (2) raise the tunneling voltage, causing electrons to tunnel off the floating gate;

and (3) lower the drain voltage, causing IHEL A final gate-cﬁrrent equation is obtained

by adding Eqns. (3) and (4):

Ved Ve
—_— m ox
[00036] assuming subthreshold source currents ;. The restriction to subthreshold

source currents is solely for reasons of mathematical tractability. The synapse is fully

functional with above-threshold source currents, but the dynamics are more complicated.

[00037] FIG. 10 is an electrical schematic diagram of a two by two synaptic array
in accordance with one embodiment of the present invention. Column synapses share a
.common tunneling wire, meaning that they share a common tunneling well in this
embodiment. In applications that use large numbers of synapse transistors, such as
analog memories or neural networks, such arrays of synapses may be used rather than
isolated devices. Although arrays provide dense synapse packing and simple addressing,
they mlist not compromise the isolation between individual synapses, and must provide a

means for writing and erasing synapses easily. The array shown in FIG. 10 was
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fabricated to (1) verify synapse isolation, and (2) to demonstrate a self-convergent

technique for writing individual synapses.

[00038] Array synapses share tunneling and drain wires; consequently, tunneling
or injecting one synapse can cause undesired tunneling or injection at another synapse. |
To measure synapse isolation, the {1,1} synapse in FIG. 10 was tunneled and injected
over a 3-decade range, while measuring the crosstalk to the other synapses. Crosstalk is
defined here to be the fractional change in a deselected synapse’s source current divided

by the fractional change in the selected synapse’s source current.

[00039] FIGS. 11A and 11B are plots of data illuétrating synapse isolation in the
array of FIG. 10, fabncated in a 2pm CMOS process. To obtain the data shown in FIG.
11A, all four synapses were initialized to I=100nA. Synapse {1,1} was then tunneled
down to 100pA then injected back up to 100nA, \whlle measuring the source currents of
the other three synapses. Crosstalk to the {1,2} synapse, defined as the fractional change
in the {1,2} synapse’s source current divided by the fractional change in the {1,1}
synapse’s source current, was 0.004 % during tunneling, and was 0.005 % during
“injection. To obtain the data shown in FIG. 11B, all four synapses were initialized to
I,=100pA. Synapse {1,1} was then injected up to 100nA, then tunneled back down to
100pA. Crosstalk to the {1,2} synapse was 0.016 % during injecting and 0.007 % during
tunneling. In both experiments, the'crosstalk to the row 2 synapses was negligible.
[00040] The data in FIGS. 11A and 11B show that the crosstalk between selected
and deselected synapses is less than 0.01% during tunneling, and is less than 0.02%
during THEIL The reason for this good isolation can be seen from Eqn. (5) and from the
data in FIGS. 8 and 9: Both tunneling and THEI are steep exponentials. Consequently,
precise analog values can be stored in a synapﬁc array without significant degradation

due to crosstalk.

[00041] For applications that require single-transistor, a high voltage is applied to
the selected n-well row and a low voltage to the selected gate column. For applications
that permit flash erasure of a column of transistors, the entire array is placed in a single

" p-well. To erase a column of transistors, a high voltage is applied to the n-well and a low
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voltage to the selected gate column. During cell erasure, if excessive tunneling occurs,
the drain current may become small; yvhen the cell ié later written, the gate current will
be small, and the memory write process will be slow. Therefore, all devices are .

| preferably initialized after tunneling by (1) 25 applying the minimum programming
current, (2) lowering the gate voltage until the drain current is equal to this programmmg
current, and (3) using the write-feedback process to hold this drain-current value as the

gate is ramped back up to its nominal voltage.

[00042] Because synapse transistors allow simultaneous memory reading and
writing, negative feedback can be used to store accurate memory values. As an example,
FIGS. 12 A and 12B illustrate a self-convergent memory write. FIGS. 12A and 12B

. illustrate the process of self-convergent memory writes. FIG. 12A is an electrical
schematic diagram of an example circuit; FIG. 12B is a plot of the output of a SPICE
simulation showing the pFET’s drain voltage Vg and drain current Iy during a write. First,
electrons are tunneled off thé floating gate s0 I<Ier (not shown in the simulation), then
tunneling is stopped, then writing begins. Switch SW; is closéd at t=0, causing Vj to
drop, electrons to inject onto the floating gate, and I, to rise. As Iy approaches Les, Vg
rises, turning off the injection. Iz reaches 99% of its final value in 140pus. The memory is
read by applying Vg=1.7V and measuring I4, with an accuracy that depends on the
circﬁit details but can be better than 1%. The simulation parameters were Vdd=6V,

C=5fF, L.r=10pA.

[00043] Memory values are stored as drain current /3. The write process works as
follows: Assume that, initially, Is is smaller in magnitude than the programming current
Les. To write, apply Ier using switch SW. As long as Iis exceeds g, the synapse’s drain
voltage will be held low, causing electrons to inject onto the floating gate and thereby
increasing I3. As Iq approaches I, the synapse’s drain voltage will rise, turning off the
injection. THEI closes a negative feedback loop around the inverting amplifier formed by
the pFET and the I current source. This intrinsic feedback mechanism adapts the
floating-gate charge to equalize the programming and pFET-drain currents, storing rf in

the synapse transistor.
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[00044] . Notice that the synapse in FIGS. 12A and 12B (comprising the two pFETs
and the gate capacitor) is identical to an array element in FIG. 10. Consequently, self-
convergent mecharllisms can be used to write array synapses, by placing switches and
current sources in the row-drain wires, and by using the column-gate wires to 'select a
column for writing. The row-drain voltages are monitored using sense amplifiers, and
open each switch to stop the write when its corresponding drain rises to a predetermined
voltage. To read a column, lower the appropriate column-gate wire and read the drain

currents of all the transistors in the column.

[00045] Synapse transistors have technological and reliability issues similar to
other nonvolatile memory technologies, of which the m'ost critical are tunneling- and
injection-induced damage to the gate oxide, and charge leakage off the floating gate. |
Oxide damage limits the number of read/write cytles in digital flash memor‘y| and
EEPROMs. Although synapse transistors are subj\ect to the same damage mechanisms,
their analog-valued weight updates are typically much slower and smaller than digital
memory writes, so their oxide currents are three to six orders of magnitude smaller than
in flash memories or conventional EEPROMs. Co\‘nsequently, oxide damage has not been
an issue, even for synapse-based circuits that use continuous tunneling and injection.
Oxide trapping does decrease a synapse’s weight-update rates, forcing regulation of the
tunneling and injection voltages. Synapse transistor-based regulation circuits allow

t

precise control of these voltages.

[00046] The scaliﬁg of gate oxides to less than about 70A thickness causes
floating gates to leak. Thiis problem is not unique to synapse transistors-—it affects all
nonvolatile memory devices thatj use floating gates. If anything, synapse transistors are
far more tolerant of oxide leakage because, in most situations, they are used circuits that
adapt the stored chargé on an ongoing basis. If, however, a memory must be stored for
years without updating, the 70A oxide available in most dual-gate-oxide CMOS

processes is used.
[00047] Conventional EEPROMs typically employ n-type MOSFETs, and use

Fowler-Nordheim tunneling to write the memory. Because simultaneously tunneling and

reading an n-type floating-gate MOSFET is difficult, writing an analog memory usually
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is an iterative proccés. In accordance with one embodiment of the present invention a
pMOS EEPROM cell permits simultaneous memory writing and reading, thereby
allowing accurate, single-step analog writes. In addition, the cell may operate from E‘l
single-polarity supply, and may be fabricated in a standard n-well, double-poly CMOS
process. (Single-poly versions are also provided herein). As shown in the embodiment

of FIGS. 13A, 13B and 13C, memory cell 14 has three notable features: (1) it employs a
| fully functional p-type floating-gate MOSFET in a single n- well, (2) its polysilicon
floating gate 16 abuts n+ well contact 18, and (3) its floating gate 16 surrounds

completely the drain 18 and source 20 implants.

[00048] A number of other embodiments of floating gate structures are also
described herein. For. exémple,.while the FIG. 13A - 13C embodiment utilizes a single
n- well and a double polysilicon process, many other versions are possible as well.
FIGS. 14A, 14B and 14C describe a similar device where the tunneling function is
disposed in a separate n- well. FIGS. 120 - 53 also describe single and double poly
versions, horizontal and vertical versions, thin film versions aﬁd various other
arrangements of the various components of these floating gate structures. It should also
be noted that while analog values can be stored on thése devices, common circuitry is

“available for using these cells to record digital values as well.

[00049] Turning now in more detail to the figures, FIGS. 13A, 13B and 13C
depict a floating gate synapse transistor 14 having a single n- well 26 according to one
embodiment of the present. invention, showing the tunneling and injection locations.
FIGS. 13A and 13C are drawn to scale; the vertical dimension in FIG. 13B has been
exaggerated. All voltages are referenced to the source potential, and subthreshold source
currents (I; <100 nA) are assumed although above-threshold source currents are
acceptable. In FIG. 13C, the gate oxide actually projects into the plane of the page;
however, for clarity, it is rotated 90 degrees and drawn in the channel direction. The

memory is written by hot-electron injection, and erased by FN tunneling.
[00050] FIG. 15 is a plot of pFET gate current versus source current, for a fixed

~ drain-to-source voltage Vg =12V. For silicon-learning applications, the preferred source-

current range is 1 pA<I; <100 nA, as described in U.S. Patent No. 5,990,512, referred to

22



WO 2004/006340 PCT/US2003/021677
above. For analog EEPROM applications, the preferred source-current range is from -
about 20 nA te about 20 pA. Source currents smaller than 20 nA are to be avoided,
because the hot—electron gate current, and therefore the memory write rate, are small.
Because the pFET transconductance changes rapidly near threshold, source currents that
are smaller than about 200 nA are also avoided, for reasons discussed in conjunction
with FIG. 12. Above 20 pA, the potential at the drain end of the channel drops rapidly,
and so does the gate current. For digital applications, the write rate may be maximized by
using an I; of about 20 pA. pFETs fabricated in more modern precesses will allow

higher maximum source currents and faster memory-write rates.

[00051]  FIG. 16isa plot of pMOS memory-cell 1nput-output transfer function and
output write error, fora 1 sec write-pulse width. Here 64 logarithmically spaced drain-
current values were written to transistor (1,1) (FIG 10); log-scale currents were chosen
to illustrate the. memory cell's dynamic range. The drain current was reset to 100 nA
prior to each write. To prevent writing the memory during reads, the drain voltages used
for writing and reading must be different. Due to the intrinsic ﬂoating-gate-to-drain
overlap capacitance, this voltage differential coupies to the floating gate, causing an
offset between the write current and the read current. Because the pFET
transconductance is non-linear, this offset is nonconstant, and appears as both a gain

- error and a nonlinearity in the measured read-write transfer function.

[00052] FIG. 17 is a plot of pMOS memory-cell write errors versus write-pulse
width. The experiment of FIG. 16 was performed using write-pulse widths ranging from
'68 msec to 10 sec; here, the offset error (the maximum deviation between the measured
current and the programmed current), the linearity error (the maximum deviation
between the measured ‘current and the best-fit line), the gain error (the deviation of the
best-fit line from unity slope), and the random error (the RMS error after removal of the
nonlinearity) is plotted versus the write-pulse width. Because an oversized (1 pF) gate
capacitor is employed in this example, and an off-chip current source is used to write the
memory, the settling times are long. The shorter the programming pulse width, the
further the drain Volfage is from its settled value when the programming current is

removed, and the larger the errors.
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[00053]  Applications | |

The above-described pFET EEPROM can be utilized in a number of applications. For
example, the pFET EEPROM can be used in an analog sound or speech recorder. '
Because the pFET EEPROM is inherently an analog device and permits simultaneous
reading and writing, the analog input can be converted to s;ampled current values and
written directly to the pFET EEPROM cells. Because writing the cells is a one-step

process, storing analog memories in a pFET EEPROM is far simpler than in

| conveni:ional analog sound or speech recorders, some ‘of which at present utilize nFET
EEPROMS and require an iterative write process. Such nFET devices are presently

manufactured by a company known as ISD (recently acquired by Windbond).

[00054] In another application, a pFET EEPROM can be used in a multilevel .-
digital memory. If each memory cell is used, for example, to store 8-bit memory values,
then with proper decoding, a 1 kilo cell memory can store 8 kilobits of digital memory.
Although nFET EEPROMS have been used in multi-level memories (see, e.g., devices
produced by Mitsﬁbishi Electric Company of Japan and Intei Corporation of Santa
Clara, California), the additional semiconductor processing required to enable accurate
multilevel writes adds significantly to the chip cost. Eecause the new pFET uses
conventional semiconductor processing, it can achieve multilevel accuracy without

additional processing cost.

[00055] In another application, a pFET EEPROM can be used as a synapse
transistor. In a pFET synapse device, the pFET EEPROM will prove to be a preferred
device over other pFET structures, because the layout requires substantially less layout:

area, thereby allowing more devices to be placed on a silicon chip.

[00056] In another application, a pFET EEPROM can be utilized in autozeroing,
adaptive devices. In such devices, the pFET EEPROM will prove to be a preferred

device over other pFET structures.
[00057] In another application, a pFET EEPROM can eliminate the off-chip

nonvolatile memory (NVM) in conventional di gital computers. Existing computers

typically store their startup code in a BIOS, which may be a flash EEPROM usually
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located on the same printed circuit board as the microprocessor. The startup code
typically is not stored on the microprocessor IC, because the MOS processing required to
build nFET EEPROM cells requires added processing steps when compared to the MOS
processing require:d to build the microprocessor. These added processing steps reduce the
chip yield, increasing the microprocessor cost. Because the pFET EEPROM is fabricated
in a standard process, it allows a BIOS memory to be added to a microprocessor IC
without additional processing steps. This will be advantageous because locating the Bios

memory on board the microprocessor IC will reduce cost, enhance speed and have no

adverse effect on yield.

[00058] A further application for a pFET EEPROM is to add nonvolatile memory
to existing ASIC prpcesses'. ASIC processes typically do not possess any form of '
nonvolatile memory for the reasons set forth abolve. Because the pFET EEPROM is
compatible with standard MOS processing, it wil\l allow ASIC vendors to add
nonvolatile, mixed analog--digital mémory to their existing processes, with no changes
to the process. This change will add nonvolatile memory devices to the repertoire of cells

available to ASIC designers, with endless new de#ign possibilities.

[00059] A further application for a pFET EEPROM is to trim the performance of

analog circuits, as described, for example, in “A floating-gate trimmable high-resolution

DAC in standard 0.25um CMOS,” Miguel Figueroa, John Hydé, Todd Humes, and Chris

Diorio, Proceedings of the 2001 Nonvolatile Semiconductor Memory Workshop,
Monterey, CA, pp. 46-47, 2001. ‘

[00060] Altemative Embodiments

In a specialized process it is possible to eliminate the guard rings and use graded drain
and source junctions. Graded junctions have lower E-fields, thereby preventing well-to-
drain (and source) pn breakdown during tunneling. Accordingly, memories constructed

in this fashion are included in the present invention.

[00061] Another alternative is to form a tunneling junction where electrons are

tunneled through a gate-oxide surface to the n- well rather than at an edge of an n+ well
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| implant (in the FIG. 13A — 13C embodiment, electrons tunnel from the floating gate 16
to the n+ implant 18 at the edge thereof).

[00062] To isolate the tunneling region from the pFET's source, the guarded-pFET
synapse 40 shown in FIGS. 18A and 18B was built. In this device, electrons tunnel from
the floating gate 42 to the n- well 44 through a tunneling junction 46 through gate-oxide

surface 47.

[00063] Tn this embodiment the pFET"s (40) floating gate 42 is extended over a
region of field oxide 48, and an isolated, 4 micron by 4 micron squafe bowl of gate oxide
50 is placed within this field oxide region. The gate-oxide bowl 46 has n- silicon 44
beneath it, the polysilicon floating gate 42 above it, and field oxide 52 on all four sides.

A relatively high voltage is applied to the n- well 44, causing electrons to tunnel from

the ﬂoatirig gate 42, through the gate-oxide bowl 46, to the n- well The floating gate 42
depletes the n- silicon immediate potential drop from the bulk n- to the MOS surface.
Consequently, bowl tunneling requires well voltages roughly 5V higher than those
required to tunnel at an n+ well contact. However, because the tunneling is through a

gate-oxide surface, rather than at an edge, oxide trapping is reduced.

[00064] Although this type of tunneling junction does eliminate the pn-breakdown
problem, its turn-on delay (the delay between applying a high well voltage and the onset
of electron tunneling) is generally long. In FIG. 19, the amount of charée tunneled
through a bowl-shaped oxide, versus the amount of time the well voltage was pulsed
high, for three different well-pulse voltage amplitudes is shown. The turn-on delay ¢an
exceed ten seconds--an impracticably long time for a pulse-based learning system. The
cause is the depletion reglon that forms at the silicon surface beneath the bowl. As a
result of the voltage d1fferent1al between the floating gate and the n” well, the surface
region beneath the gate oxide is depleted, and the depletion-region depth varies with the '
voltage differential between the floating gate and the well. If the well is pulsed high,
holes must be provided to the silicon surface to widen this‘ depletion region.
Unfortunately, the only hole source is thermal carrier generation. Consequently, the
depletion region takes many seconds to widen. Although such tunneling junctions can be

used in systems for which the well-tunneling voltage is a slowly varying analog quantity,
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they cannot be used in systems in Which synapses are pulse-tunneling. The exception is
CMOS processes that have heavily-doped channel implants, for example processes that
~ use linear capacitors. Using this heavily doped implant in a bowl-shaped tunneling '
junction nearly eliminates the turnon delay, allowing these junctions to be used for pulse

tunneling.

[00065] In specialized processes, vendors can increase the bulk n- doping beneath
the bowl-shaped oxide, i.e., they can convert that part 'of the n” well to n' to reduce the
turn-on delay. While the delay will always exist, it can be reduced to the order of

" nanoseconds with this technique, and thus made inconsequential.

[00066] Turning now to FIGS. 14A, 14B and 14C, FIG. 14A is a top plan view of
a pFET synapse transistor in accordance with one embodiment of the present invention
useable as an EEPROM and implemented in a double layer polysilicon process; FIG.
14B is a side elevational cross-section of the pFET device of FIG. 14A taken along line
14B-14B of FIG. 14A; and FIG. 14C is an electron conductioh band diagram of the
device of FIGS. 14A and 14B. The voltages in the diagram are referenced to the source

potential, and subthreshold (Ix < 100nA) operation is assumed.

[00067] In accordance with this embodiment of the present invention the pFET
synapse transistor 53 includes a source 54 and a drain 55 formed of p+ doped regions in
a first n- well 56. Source 54 has a contact 54’ and drain 55 has a contact 55°. A second
n- well 56’ includes an n+ doped region 57 with a contact 57°. A first polysilicon layer
58.1 acts as a floating gate. A second polysilicon layer 58.2 disposed above the first
polysilicon layer 58.1 forms an interpoly capacitor 58.3 with the first polysilicon layer,
as shown. First n- well 56 and second n- well 56 are Separated by a channel stop 58.4
which may be STI (shallow trench isolation) or LOCOS (local oxidation of silicon). An
electric field between the source 54 and the drain 55 in channel 59.1 of injection
transistor 59 causes IHEI near the drain 55 injecting hot electrons through gate oxide
Jayer 59.2 and onto the floating gate 58.1. Electrons are removed by FN tunneling at

tunneling junction 59.3.
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[00068] Turning now to FIGS. 20 - 53, various alternative embodiments of the

present invention are now described.

[00069] FIGS. 20 and 21 are, respectively, a top plan view and a side elevational
cross-section of a two-layer polysilicon version of a device in accordance with the
present invention. This version provides four terminals. The cross-sectional drawing of
FIG. 21 is taken along line 21 — 21 of FIG. 20. In accordancé with this version, a pair of
n- doped wells 60, 62 are formed in a p- doped substrate 64. In the first n- well 60 are
disposed a pair of p+ doped regions 66, 68 which act as source and drain, respectively.
A channel 70 is formed {)etween source 66 and (irain 68. THEI occurs near drain 68. An
insulator such as a silicon gate oxide layer 72 separatesI channel 70 from polysilicon
(poly) 1 layer 74 which serves as a floating gate. Additional insulating material '
separates floating gate 74 from control gate 76 formed from the poly 2 layexl'. Source 66,
drain 68 and control gate 76 are supplied with co\ntacts 78, 80 and 82, respectively, in a |
conventional manner. First n- well 60 and second n- well 62 are separated by a channel
stop 84 formed of STI or LOCOS. Floating gate 74 extends over second n- well 62 to an
n+ region 84 used for a relatively high-voltage w%ll contact 86 which causes tunneling
between floating gate 74 and n+ region 84. An insulator such as a gate oxide layer 88

'separates floating gate 74 from n- well 62 and n+ region 84, as shown.

[00070] FIGS. 22 and 23 are, respectively, a top plan view and a side elevational
cross-section of a two-layer polysilicon version of a device 90 in accordance with the
present invention. This version provides four terminals. The cross-sectional drawing of
FIG. 23 is taken along line 23 — 23 of FIG. 22. In accordance with this version, a single
n- doped well 9|2 is formed in a p- doped substrate 94. In the n- well 92 are disposed a
pair of p+ doped regions 96, 98 which act as drain and source, respectively. A channel
100 is formed between source 96 and drain 98. IHEI occurs near drain 96. An insulator
such as a silicon gate oxide layer 102 separates channel 100 from polysilicon (poly) 1
Jayer 104 which serves as a floating gate. Additional insulating material Sepé.rates
floating gate 104 from control gate 106 formed from the poly 2 layer. Drain 96, source
98 and control gate 106 are supplied with contacts 108, 110 and 112, respectively, in a
conventional manner. An n+region 114 in n- well region 92 provides a well contact for

a tunneling junction 115 for removal of electrons from floating gate 104. A contact 116
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is provided for the n+ region 114. Drain region 98 and the tunneling junction 115 are
separated by a channel stop 118 formed of STI or LOCOS. Floating gate 104 extends
beyond the channel stop 118 but does not extend over n+ region 114. An insulator 'such

as a gate oxide layer 120 separates floating gate 104 from n- well 92, as shown.

[00071] FIGS. 24 and 25 are, respectively, a top plan view and a side elevational
cross-section of a single-layer polysilicon version of a device 122 in accordanée with the
present invention. This device corresponds somewhat to that of FIGS. 20 and 21 which
utilize a two polysilicon layer process. This version provides three terminals. The cross-
sectional drawing of FIG. 25 is taken along line 25 — 25 of FIG. 24. In accordance with
this version, a pair of n- wells 124, 126 are formed in a p- doped substrate 128. In the
first n- well 124 are disposed a pair of p+ doped regions 130, 132 which act as source
and drain, respectively. A channel 134 is formed between source 130 and drain 132.
THEI occurs near drain 132. An insulator such as a silicon gate oxide layer 136 separates:
channel 134 from polysilicon layer 138 which serves as a floating gate. No control gate -
is required or provided in this embodiment. As a result, no sécond poiysilicon layer is
required and the fabrication process is, accordingly, simplified. Source 130 and drain
132 are supplied with contacts 140, 142, respectivélyi, in a conventional manner. An n+
region 144 in n- well region 126 provides a well contact for a tunneling junction 146 for
removal of electrons from floating gate 138. A contact 148 is provided for the n+ region
144. First n- well 124 and second n- well 126 are separated by a channel stop 150
formed of STI or LOCOS. Floating gate 138 extends over the channel stop 150 to a
region over and abutting n+ region 144 and may partially oveflap n+ region 144. An
insulator such as a gate oxide layer 136 also separates floating gate 138 from n+ region -

144, as shown.

[00072] FIGS. 26 and 27 are, respectively, a top plan view and a side elevational
cross-section of a single-layer polysilicon version of a device 122’ in accordance with
the bresent invention. This device corresponds to device 122 of FIGS. 24 and 25 except
that a shorted pFET is used as the tunneling junction. Where possible, this descﬁption
Iwill use the same reference numbers as are used in the description of FIGS. 24 and 25.
As in FIGS. 24 and 25, this is a single poly, three-terminal device. The cross-sectional

drawing of FIG. 27 is taken along line 27 — 27 of FIG. 26. In accordance with this

29



WO 2004/906340 PCT/US2003/021677

version, a pair of n- wells 124, 126 are formed in a p- doped substrate 128. In the first n-
well 124 are disposed a pair of p+ doped regions 130, 132 which act as source and drain,
respectively. A cbannel 134 is formed between source 130 and drain 132. IHEI occurs
near drain 132. An insulator such as a silicon gate oxide layer 136 separates channel 134
from polysilicon layer 138 which serves as a floating gate. No control gate is required or
provided in this embodiment. As a result, no second polysilicon layer is required and the
fabrication process is, accordingly, simplified. Source 130 and drain 132 are supplied

with contacts 140, 142, respectively, in a conventional manner.

[00073] The devic;: differs from that of FIGS. 24 and 25 as follows. The electron
tunneling junction 152 is a shorted pFET disposed in n- well 126 having its source, drain
and well contacts shorted together with conductor 154 which may be a metallization |
layer and also serves as a contact. Source 156 add‘ drain 158 are formed in p|+ regions of
n- well 126 and well contact 160 is an n+ regionl\'l)f n- well 126. Floating gate 138 is
disposed under conductor 154 and separated therefrom by an insulator layer 156.
Floating gate 138 is separated from n- well by a layer of insulator such as gate oxide
layer 136. First n- well 124 and second n- well 146 are separated by a channel stop 150
formed of STI or LOCOS. Floating gate 138 extends over the channel stop 150 to the

tunneling junction 152 as shown.

[00074] FIGS. 28 and 29 are, respectively, a top plan view and a side elevational
cross-section of a single-layer polysilicon version of a device 122” in accordance with
the present invention. This device corresponds to device 122° of FIGS .- 26 and 27 except
that a shorted nFET is used as the tunneling junction. Where possible, this description
will use the sarr;e reference numbers as are used in the description of FIGS. 26 and 27.
As in FIGS. 26 and 27, this is a single poly, three-terminal device. The cross-sectional
drawing of FIG. 29 is faken along line 29 - 29 of FIG. 28. In accordance with this
version, a pair of n- wells 124, 126 are formed in a p- doped substrate 128. In the first n-
well 124 are disposed a pair of p+ doped regions 130, 132 which act as source and drain,
respectively. A channel 134 is formed between source 130 and drain 132. IHEI occurs
near drain 132. An insulator such as a sﬂicon gate oxide layer 136 separates channel 134
from polysilicon layer 138 which serves as a floating gate. No control gate is required or

provided in this embodiment. Asa result, no second polysilicon layer is required and the
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4fabrication process is, accordingly, simplified. Source 130 and drain 132 are supplied

'with contacts 140, 142, respectively, in a conventional manner.

[00075] The device differs from that of FIGS. 26 and 27 as follows. The eléctron
tunneling junction 158 is a shorted nFET disposed in n- well 126 having its source and
drain shorted together with conductor 160 which may be a metallization layér and also
serves as a contact. Source 162 and‘drain 164 are formed in n+ regions of n- wéll 126.
Floating gate 138 is disposed under conductor 160 and separated therefrom by an
insulator layer 156. Floating gate 138 is separated from n- well by a layer of insulator

" such as gate oxide layer 136. First n- well 124 and second n- well 126 are separated by a
channel stop 150 formed of STI or LOCOS. Floating gate 138 extends over the channel

stop 150 to the tunneling junction 152 as shown.

[00076] FIGS. 30 and 31 are, respectively, a top plan view and a side elevational
cross-section of a single-layer polysilicon version of a device 170 in accordance with an
embodiment of the present invention. This version provides tﬁree terminals. The cross-
sectional drawing of FIG. 31 is taken along line 31 — 31 of FIG. 30. In accordance with
this version, a single n- doped well 172 is formed in zip— doped substrate 174. In the n-
well 172 are disposed a pair of p+ doped regions 176, 178 which act as drain and source,
respectively. A channel 180 is formed between source 178 and drain 176. THEI occurs
near drain 176. An insulator such as a silicon gate oxide layer 182 separates channel 130
from polysilicon (poly) layer 184 which serves as a floating gate.- There is no control
gate in thié embodiment and a second poly layer is not used or required. Source 176 and
drain 178 are supplied with contacts 186 and‘188, respectively, in a conventional

manner. An n+ region 190 in n- well region 174 provides a well contact for a tunneling
junction 192 for removal of electrons from floating gate 184. A contact 194 is provided
for the n+ region 190. Drain region 178 and the tunneling junction 192 are separated by
a channel stop 196 formed of STI or LOCOS. Floating gate 184 extends over the . |
channel stop 196 and may extend over a portion of n+ region 190. An insulator such as

gate oxide layer 182 separates floating gate 184 from n- well 172, as shown.

[00077] FIGS. 32 and 33 are, respectively, a top plan view and a side elevational -

cross-section of a single-layer polysilicon version of a device 170’ in accordance with an
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" embodiment of the present invention. This version brovides three terminals and utilizes

a bowl-shaped tunneling junction. The cross-sectional drawing of FIG. 33 is taken along
line 33 — 33 of FIG 32. ThlS device corresponds to dev1ce 170 of FIGS. 30 and 31
except that it uses a bowl- shaped tunneling junction and contains related modifications.
Where possible, this description will use the same reference numbers as are used in the
description of FIGS. 30 and 31. In accordance with this version, a single n- doped well
172 is formed in a p- doped substrate 174. In the n- well 172 are disposed a pair of p+
doped regions 176, 178 which act as drain and source, respectively. A channel 180 is
formed between source 178 and drain 176. THEI occurs near drain 176. An insulator
such as a silicon gate oxide layer 182 separates channel 180 from polysilicon (poly) layer
184 which serves as a ﬂoatmg gate. There is no control gate in this embodiment and a
second poly layer i is not used or required. Source 178 and drain 176 are supplied with
contacts 186 and 188 respectively, in a conventibnal manner. An n+ reglon 190 inn-
well region 174 provides a well contact for a bov&'l-shaped tunneling junction 192 for
removal of electrons from floating gate 184. A c\ontact 194 is provided for the n+ region
190. Drain region 178 and the tunneling junction 192 are separated by a channel stop
196 formed of STI or LOCOS. Floating gate 184\extends over the channel stop 196 and
does not extend over any portion of n+ region 190 in this embodiment. An insulator

such as gate oxide layer 182 separates floating gate 184 from n- well 172, as shown.

~ [00078] FIGS. 34 and 35 ‘are, respectively, a top plan view and a side elevational
cross-section of a single-layer polysilicon version of a device 170” in accordance;with
an embodfment of the present invention. This version provides three terminals and
utilizes a shorted nFET as the tunnelihg junction. The cross-sectional drawing of FIG. 35
is taken along line 35— 35 of FIG. 34. This device corresponds to device 170’ of FIGS.
32 and 33 except that it uses a shorted nFET as the tunneling junction and contains
related modifications. ‘Where possible, this description will use the same reference
numbers as are used in the description of FIGS. 32 and 33. In accordance with this
version, a single n- doped well 172 is formed in a p- doped substrate 174. In the n- well
172 are disposed a pair of p+ doped regions 176, 178 which act as drain and source,
respectively. A channel 180 is formed between source 178 and drain 176. IHEI occurs
near drain 176. An insulator such as a silicon gate oxide layer 182 separates channel 180

from polysilicon (poly) layer 184 which serves as a floating gate. There is no control
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gate in this embodiment and a second poly layer is not used or reqﬁiredﬁ Source 178 and

drain 176 are supplied with contacts 186 and 188, respectively, in a conventional

manner.

[00079] The device differs from that of FIGS. 32 and 33 as follows. The electron
tunneling junction 198 is a shorted nFET disposed in n- well 172 having its source and
drain shorted together with conductor 200 which may be a metallization layer and may
also serve as a contact, if desired. Source 202 and drain 204 are formed in n+ regions of
n- well 172. Floating gate 184 is disposed under conductor 200 and separated therefrom
* by an insulator layer (not shown in this embodiment but shown in the FIG. 28/29
embodiment as layer 156). Floating gate 184 is separated from n- well 172 by a layer of
insulator such as gate oxide layer 182. Drain region 176 and the tunneling junction 198
are separated by a channel stop 196 formed of STI or LOCOS. Floating gate 184
extends over the channel stop 196 and extends between the conductor layer 200 and n-
well 172 as shown in the FIG. 28/29 embodiment. An insulator such as gate oxide layer -
182 separates floating gate 184 from n- well 172, as shown aﬂd a conventional insulation

layer (156 in FIG. 28/29 embodiment) insulated floating gate 184 from conductor 200.

[00080] FIGS. 36 and 37 are, respectively, a top plan view and a side elevational
cross-section of a double-layer polysilicon version of a device 170’’’ in accordance with
an embodiment of the present invention. This version provides four terminals and
utilizes a shorted pFET as the tunneling junction. It is implemented in a double poly
process. The cross-sectional draWing of FIG. 37 is taken along line 37 - 37 of FIG. 36.
This device employs a shorted pFET as the tunneling junction, a double poly layer and a
pair of ﬁ— wells. Where possible, this dé'scription will use the same reference numbers as
" are used in the description of FIGS. 34 and 35. In accordance with this version, a pair of
n- doped wells 172a and 172b are formed in a p- doped substrate 174. In the first n- well
172a are disposed a pair of p+ doped regions 176, 178 which act as source and drain,
respectively. A channel 180 is formed between source 176 and drain 178. IHEI occurs
near drain 178. An insulator such as a silicon gate oxide layer 182 separates channel 180
from first polysilicon (poly) layer 184 which serves as a floating gate‘. A control gate
206 may be formed from a second poly layer. Control gate 206 is provided with a

contact 208 in a conventional manner. Source 176 and drain 178 are supplied with
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contacts 186 and 188, respectively, in a conventional manner. A conventional insulation
layer 156 formed, for example, by thermally grown or deposited silicon oxide, insulates
control gate 206 flcom floating gate 184.

[00081] The electron tunneling junction 210 is a shorted pFET (as in the FIG.
26/27 embodiment) disposed in n- well 172b having its p+ source and p+ drain shorted
together with conductor 212 which may be a metallization layer and may also serve as a
contact, if desired. n+ well contact 220 is also shorted with source 214 and drain 216.
Source 214 and drain 216 are formed in n+ regions of n- well 172b. Floating gate 184 is
disposed under'conductor 212 and separated therefrom by insulator layer 156. Floaﬁng |
gate 184 is separated from n- well 172b by a layer of insulator such as gate oxide layer
182. Wells 172a and 172b are separated by a channel stop 218 formed.of STI or '
LOCOS. Floating gaté 184 extends over the chaﬂlmel stop 218 and extends between the

conductor layer 212 and n- well 172b as shown.

[00082] FIGS. 38 and 39 are, respectively, a top plan view and a side elevational
cross-section of a double-layer polysilicon version of a deﬁce 170 in accordance with
an embodiment of the present invention. This version provides four terminals and
utilizes a shorted nFET as the tunneling junction. It is implemented in a double poly
process. The cross-sectional drawing of FIG. 39 is taken along line 39 — 39 of FIG. 38.
In accordance with this embodiment, a pair of n- doped wells 172a and 172b are formed
in a p- doped substrate 174. In the firstn- well 172a are disposed a pair of p+ doped
regions 176, 178 which act as source and drain, respectively. A channel 180 is formed

' between source 176 and drain 178. IHEI occurs near drain 178. An insulator such as a
silicon gate oxiclle layer 182 sepdrates channel 180 from first polysilicon (poly) layer 184
which serves as a floating gate. A control gate 206 may be formed from a second poly
layer. Control gate 206 is provided with a contact 208 in a conventional manner. Source
176 and drain 178 are supplied with contacts 186 and 188, respectively, in a
conventional manner. A conventional insulation layer 156 formed, for example, by
thermally grown or deposited silicon oxide, insulates control gate 206 from floating gate

184.
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[00083] The electron tunneling junction 221 is a shorted nFET (as in the FIG.

28/29 embodiment) disposed in n- well 172b having its n+ source 224 and n+ drain 226
shorted together with conductor 222 which may be a metallization layer and may also
serve as a contact, if desired. Source 224 and drain 226 are formed in n+ regions of n-
well 172b. Flo.ating gate 184 is disposed under conductor 222 and separated therefrom
by insulator layer 156. Floating gate 184 is separated from n- well 172b by a layer of
insui’ator such as gate oxide layer 182. Wells 172a and 172b are separated by a channel
stop 218 formed of STI or LOCOS. Floating gate 184 extends over the channel stop 218

and extends between the conductor layer 212 and n- well 172b as shown.

[00084] Turning now to FIGS. 40 — 47 are a number of embodiments of the

present invention where the control gate capacitance is implemented separately.

[00085] FIGS. 40 and 41 are, respectively, a top plan view and a side elevational .
cross-section of a single-layer polysilicon version of a device 300 in accordance with an
embodiment of the present invention. This version provides four terminals and utilizes a
three-n- well approach to provide a separate control capacitor between the floating gate

~ and the n- well 302c. The cross-sectional drawing of FIG. 41 is taken along line 41 — 41
of FIG. 40. In accordance with this embodiment, three n- doped wells 302a, 302b and
302c are formed in a p- doped substrate 304. In the first n- well 302a are disposed a pair
of p+ doped regions 306, 308 which act as source and drain, respectively. A channel 310
is formed between source 306 and drain 308. IHEI occurs near drain 308. An insulator

- such as a silicon gate oxide layer 312 separates channel 310 from the polysilicon (poly)
layer 314 which serves as a floating gate. No control gate is provided in this
embodiment. .Source 306 and drain 308 are supplied with contacts 316 and 318,
respectively, in a conventional manner. A conventional insulation layer 320 is formed

over floating gate 3 14, for example by thermally grown or deposited silicon oxide.
[00086] An electron tunneling junction 322 is provided in second well 302b and

includes an n+ region 324. Region 324 is separated from floating gate 314 by an

insulator such as layer 312 (silicon gate oxide) and is provided with a contact 326.
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[00087] A separate control capacitor 328 is provided in third well 302¢ and
includes an n+ region 330. Region 330 is provided with a contact 332. Floating gate

314 overlies at least a portion of well 302¢ to provide capacitance.

[00088] Wells 302a, 302b and 302c are separated from one another by channel
stops 334a and 334b formed of STI or LOCOS. Floating gate 314 extends over the
channel stops 334a and 334b as shown to couple together the electron injection portion
of the device 336, the electron tunneling portion of the device 322 and the control
capacitor portion of the device 328, as shown. It is also possible to arrange the various
components differently on the substrate, as for example by having the control capacitor |
portion 328 disposed between the electron injection por'tion 336 and the electron
tunneling portion 322, or by placing the electron injection portion 336 between the

electron tunneling portion 322 and the control capacitor portioﬁ 328.

[00089] FIGS. 42 and 43 are, respectively,'a top plan view and a side elevational
cross-section of a single-layer polysilicon version of a device 300’ in accordance with an
embodiment of the present invention. This version provides four terminals and utilizes a
three-n- well approach to provide a separate control capacitor between the floating gate
and the n- well 302c as in the embodiment of FIGS. 40 and 41. In this embodiment, one
or more of the electron tunneling portion 322 and the control capacitor portion 328 are
implemented with a shorted nFET." The cross-sectional drawing of FIG. 43 is taken

' along line 43 — 43 of FIG. 42. In accordance with this embodiment, three n- doped
wells 302a, 302b and 302c are formed in a p- doped substrate 304. In the firsi n- well
302a are disposed a pair of p+ doped regions 306, 308 which act as source and drain,
respectively. A channel 310 is formed between source 306 and drain 308. IHEI occurs
near drain 308. An insulator such as a silicon gate oxide layer 312 separates channel 310
from the polysilicon (poly) layer 314 which serves as a floating gate. No control gate is
provided in this embodiment. Source 306 and drain 308 are supplied with contacts 316
and 318, respectively, in a conventional manner. A conventional insulation layer 320 is

formed over floating gate 314, for example by :chermally grown or deposited silicon

oxide.
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[00090] An electron tunneling junction 322 is provided in second well 302b and
includes a shorted nFET transistor 338 having an n+ drain region 340, an n+ source
region 342, and a shorting conductor 344 which also acts as a contact and shorts toéether
the drain and source connections. Floating gate 314 is arranged to be separated from
second well 302b by a gate oxide layef 312 to permit tunneling of electrons off of

floating gate 314.

[00091] A separate control capacitor 328 is provided in third well 302¢ and
includes a shorted nFET transistor 346 having a n+ drain region 348, an n+ source region
350, and a shorting conductor 352 which also acts as a contact and shorts together the
drain and source connections. Floating gate 314 is arranged to be separated from third
well 302¢ by a gate oxide layer 312 to provide the dielectric for the capacitor 328.

Floating gate 314 overlies at least a portion of well 302¢ to provide capacitance.

[00092] In alternative embodiments, the capacitor sections 328 of the FIG. 42/43
embodiments may be exchanged for those of the FIG. 40/41 embodiments and/or the
electron tunneling sections 322 may be so exchanged so that both are not implemented

with a shorted nFET.

[00093] Wells 302a, 302b and 302c are separated from one another by channel
stops 334a and 334b formed of STI or LOCOS. Floating gate 314 extends over the
channel stops 334a and 334b as shown to couple together the electron injection portion
of the device 336, the electron tunneling portion of the device 322 and the control
capacitor portion of the device 328, as shown. It is also possible to arrange the various
components differently on the substrate, as for example by having the control capacitor
portion 328 disposed between the electron injection portion 336 and the electron
tunneling portion 322, or by placing the electron injection portion 336 between the

electron tunneling portion 322 and the control capacitor portion 328.

[00094] -~  FIGS. 44 and 45 are, respectively, a top plan view and a side elevational
cross-section of a single-layer polysilicon version of a device 300” in accordance with an
embodiment of the present invention. This version provides four terminals and utilizes a

three-n- well approach to provide a separate control capacitor between the floating gate
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and the n- well 302¢ as in the embodiment of FIGS. 42 and 43. In this embodiment, one
or more of the electron tunneling portion 322 and the com:rol capacitor portion 328 are
implemented with a shorted pFET. The cross-sectiopal drawing of FIG. 45 is taken
along line 45 — 45 of FIG. 44. In accordance with this embodiment, three n- doped
wells 302a, 302b and 302c are formed in a p- doped substrate 304. In the first n- well
302a are disposed a pair of p+ doped regions 306, 308 which act as source and drain,
respectively. A channel 310 is formed between source 306 and drain 308. IHEI occurs
near drain 308. An insulator such as a silicon gate oxide layer 312 separates channel 310
from the polysilicon (poly) layer 314 which serves as a floating gate. No control gate is
provided in this embodiment. Source 306 and drain 308 are supplied with contacts 316 |
and 318, respectively, in a conventional manner. A conventional insulation layer 320 is
formed over floatinyg gate 314, for example by thenpally grown or deposited silicon

oxide.

[00095] An electron funncling junction 322 is provided in second well 302b and
includes a shorted pFET transistor 354 having a p+ drain region 356, a p+ source region
358, an n+ well connection 360 and a shorting cor};ductor 344 which also acts as a contact
and shorts together the drain, source and well connections. Floating gate 314 is arranged
to be separated from second well 302b by a gat‘:e oxide layer 312 to permit tunneling of

electrons off of floating gate 314.

[00096] | A séparate control capacitor 328 is provided in third well 302c and
includes a shorted pFET transistor 362 having a p+ drain region 364, a p+ source region
366, an n+ well connection 368 and a shorting conductor 352 which also acts as a contact
and shorts toget‘her the drain, source and well coﬁnections. Floating gate 314 is arranged
to be separated from third well 302c by a gate oxide layer 312 to provide the dielectric
for the capacitor 328. ‘Floating gate 314 overlies at least a portion of well 302c to

provide capacitance.

[00097] In alternative embodiments, the capacitor sections 328 of the FIG. 44/45
embodiments may be exchanged for those of the FIG. 40/41 and/or FIG. 42/43

embodiments and/or the electron tunneling sections 322 may be so exchanged so that
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both need not be implemented with a shorted pFET. Thus any of these versions may be

used, as desired.

[00098] Wells 302a, 302b and 3020 are separated from one another by channel
stops 334a and 334b formed of STI or LOCOS. Floating gate 314 extends over the
channel stops 334a and 334b as shown to couple together the electron injection portion
of the device 336, the electron tunneling portion of the device 322 and the control
capacitor portion of the device 328, as shown. It is also possible to arrange the various
components differently on the substrate, as for example by having the control capacitor
portion 328 disposed between the electron injection portion 336 and the electron
tunpeling portion 322, or by placing the electron injection portion 336 between the

electron tunneling portion 322 and the control capacitor portion 328.

[00099] FIGS. 46 and 47 are, respectively, a top plan view and a side elevational .
cross-section of a single-layer polysilicon version of a device 300’*’ in accordance with
an embodiment of the present invention. This version provides four terminals and
utilizes a three-n- well approach to provide a separate control capacitor between the
floating gate and the n- well 302c as in the embodiment of FIGS. 44 and 45. In this
embodiment, the electron tunneling portion 322 is implemented as an n+Aregion in an n-
well and the control capacitor portion 328 is with a shorted nFET. The cross-sectional
drawing of FIG. 47 is taken along line 47 — 47 of FIG. 46. In accordance with this
embodiment, three n- doped wells 302a, 302b and 302c are formed in a p- doped
substrate 304. In the first n- well 302a are disposed a pair of p+ doped regions 306, 308
which act as source and drain, .respectively. A channel 310 is formed between source
306 and drain 308. IHEI occurs near drain 308. An insulator such as a silicon gate oxide
layer 312 separates channel 310 from the polysilicon (poly) layer 314 which serves as a
floating gate. No control gaté is provided in this embodiment. Source 306 and drain 308
are supplied with contacts 316 and 318, respectively, in a conventional manner. A
conventional insulation layer 320 is formed over floating gate 314, for example by

thermally grown or deposited silicon oxide.

[000100] An electron tunneling junction 322 is provided in third well 302c and

includes an n+ region 324. Region 324 is separated from floating gate 314 by an
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insulator such as layer 312 (silicon gate oxide) to permit tunneling of electrons off of -

floating gate 314 and is provided with a contact 326.

| v

[000101] A separate control capacitor 328 is provided in second well 302b and
includes a shorted nFET transistor 346 having a n+ drain region 348, an n+ source region
350, and a shorting conductor 352 which also acts as a contact and shorts together the
drain and source connections. Floating gate 314 is arranged to be separated from third
well 302c by a gate oxide layer 312 to provide the dielectric for the capacitor 328.

Floating gate 314 overlies at least a portion of well 302c to provide capacitance.

[000102] Wells 302a, 302b and 302c are separate& from one another by channel
stops 334a and 334b formed of STI or LOCOS. 'Floatin'g gate 314 extends over the '
channel stops 334a and 334b as shown to couple ltogether the electron injectfon portion
of the device 336, the electron tunneling portion A)f the device 322 and the control
capacitor portion of the device 328, as shown. It is also possible to arrange the various
components differently on the substrate, as for example by having the coﬁtrol capacitor
portion 328 disposed between the electron injecti(#n portion 336 and the electron
tunneling portion 322, or by placing the electron injection portion 336 between the

electron tunneling portion 322 and the control capacitor portion 328.

[000103] | ﬂFIGS. 48 and 49 are, respectively, a top plan view and a side elevational
cross-section of a single-layer polysilicon version of a device 400 in accordance with an
embodiment of the present invention. This version provides two terminals and utilizes a
single-n- well approach. The tunneling junction is implemented using either ultraviolet
or high-temperallture erasure. In this embodiment, electrons are removed from the gate
by heating them or UV-erasing them as with well-known UV-eraseable Programmable
Read Only Memories (PROMs). The cross-sectional drawing of FIG. 49 is taken along
line 49 — 49 of FIG. 48. In accordance with this embodiment, a single n- doped well
402 is formed in a p- doped substrate 404. In the n- well 402 are disposed a pair of p+
doped regions 406, 408 which act as source and drain, respectively. A channel 410 is
formed between source 406 and drain 408. THEI occurs near drain 408. An insulator
such as a silicon gate oxide layer 412 separates channel 410 from the polysilicon (poly)

layer 414 which serves as a floating gate. No polysilicon control gate is provided in this

40



WO 2004/006340 PCT/US2003/021677

embodiment. Source 406 and drain 408 are supplied with contacts 416 and 418,
respectively, in a conventional manner. A conventional insulation layer 420 is formed -
over floating gate 414, for example by thermally grown or deposited silicon oxide. .A
window 419 may be provided in insulation iayer 420 for photonic erasure of floating
gate 414 in a conventional manner. It is also possible to combine this embodiment with

the separate control capacitor element of some of the previous embodiments, if desired.

[000104] FIGS. 50 and 51 are, respectively, a top plan view and a side elevational
cross-section of a single-layer polysilicon version of a device 450 in accordance with one
embodiment of the present invention. This version provides threelterminals and utilizes
a bowl-shaped tunneling junction 452 in two n- wells. The cross-sectional drawing of
FIG. 51 is taken along line 51-51 of FIG. 50. In accordance with this embodiment, a first
and second n- well 454, 456 are formed in a p- doped substrate 458. In the first n- well
454 are disposed a pair of p+ doped regions 460, 462 which serve as a source and a
drain, respectively. A channel 464 is formed between source 460 and drain 462. THEI
occurs near drain 462. An insulator such as a silicon dioxide gate oxide layer 466
separates channel 464 from the polysilicon layer 468 which serves as a floating gate. No
control gate is provided in this embodiment. Source ;160 and drain 462 are supplied with
contacts 470 and 472, respectively, in a conventional manner. A conventional insulation
layer 474 is formed over floating gate 468, for example by thermally grown or deposited

silicon dioxide.

[000105] A bowl-shaped tunneling junction 452 is provided‘in second n- well 456
and includes an n+ doped region 476 and a contact 478. Floating gate 468 is arranged to
be separated from second n- well 456 by a gate oxide layer 466 to permit tunneling of
electrons off of floating gate 468 and into n- well 456. Floating gate 468 overlies at least
a portion of n- well 456 but need not overlie n+ doped region 476. First n- well 454 and
second n- well 456 are separated, as in several other embodiments described herein, by

an STI or LOCOS channel stop 480.
[000106] FIG. 52 illustrates a vertical replacement gate MOSFET device 500 which

may be used to fabricate some of the ﬂoaﬁng gate devices referred to herein. In this

device, the transistor is formed vertically, rather than in a planar structure. In this
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structure, the drain 502 is located below the channel 504 and the source 506 is located
above the channel 504. The gate length 508, is controlled by film thickness rather than
lithography. Thisl MOS device may also be used to fabricate floating gate devices as

described above. The processing steps are summarized as follows. First, a trench is

" etched in a stack composed of two layers of phosphosilicate glass (PSG) separated by

oxide. The trench is then filled with epitaxially grown silicon doped with boron (p type)
to form the channel 504. The oxide between the two layers of PSG is a sacrificial layer
whose thickness determines the gate length. This oxide is then removed, éxposing the
channel on two sides where the gate oxide 510 is then grown on the exposed silicon
channel. Then the space left by the removal of the sacrifical oxide is replaced by .
amorphous silicon dope& with phosphorous and recryst'allized with a thermal processing
step to form the gate 5 12. ' Silicon nitride layers 514, 516 insulate the gate 512 from ‘

|
adjacent structures.

[000107] FIG. 53 dcpicts a FinFET device éOO which may be used to fabricate
some of the floating gate structures referred to herein. This device is fabricated using an
insulating substrate 602 such as SOI (silicon on i&’lsulator). A thin silicon film 604 is
placed on the insulating substrate and then silicon dioxide 606 is deposited. This
structure is then etched to create a narrow fin 608. Once this step is completed, the
source 610 and drain 612 are formed by depositing silicon-germanium 614 followed by
more oxide 616. A nitride spacer 618 is then deposited and etched over part of the fin
608. Finally, the gate 620 is formed over the remaining exposed fin by deposition. In
this manner, the gate forms a fork-like structure over the channel, creating a dual-gate

FET. This device may also be used in floating gate applications. t

[000108] Finally, CMOS ssilicon-on-sapphire (SOS) and silicon-on-insulator (SOI)

" technologies may also be used to fabricate floating gate devices. Both technologies use
insulating substrate materials for isolating individual devices. In these approaches, an
insulating material, typicaily silicon dioxide, is placed over the substrate material (either
sapphire in SOS or silicon in SOI, and pdtentially other materials as will now be

apparent to those of ordinary skill in the art). A .thin silicon layer is then placed on top of
the oxide. Transistors are then fabricated in a similar fashion to bulk CMOS processes.

Floating gate devices may be used in these processes as well.
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[000109] While embodiments and applications of this invention have been shown
and described, it would be apparent to those skilled in the art having the benefit of this
disclosure that many more modifications than mentioned above are possible withou't
departing from the inventive concepts herein. For example, it is to be noted that while
the present invention may be implemented in a single well single poly process and will
work with low voltage processes (e.g., <= 3 volts), the invention is not so limited and can

be implemented in processes that support multiple polysilicon layers, multiple wells,
| and/or in higher voltage devicés. Furthermore, the cohcept of an n-well as used herein is
intended to encompass not only conventionai n-well devices, but also NLDD (N-type
Lightly Doped Drain) devices and other lightly doped, or isolated structures that increase
the reliable gate-drain and drain-source voltages of the device so that it, in effect,
behaves like a conventional n-well device in this respect. Finally, those of ordinary skill
in the art will now recognize that floating gates may be fabricated in a number of ways
other than by heavily doped polycrystalline silicon. For example, they may be fabricated:
of metal or other conductors. The invention, therefore, is noty to be restricted except in

the spirit of the appended claims.
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CLAIMS

What is claimed is:

[

1. A floating gate semiconductor device comprising:
a p type source region; '
a p type drain region;
a channel disposed between said source region and said drain region;.
an insulator disposed adjacent said channel; and
a floating gate disposed adjacent said insulator and electrically insulated from

said channel by said insulator.

2. The device in accordance with claim 1, wherein said drain region and said source

region are disposed in an n type region of a semitonductor substrate.

3. The device in accordance with claim 2, wherein said n type region is an n well

disposed in a p type semiconductor substrate.

4. The device in accordance with claim 3, wherein said p type source region and

said p type drain region are p+ doped.

5. The device in accordance with claim 4, wherein said p type semiconductor

substrate is p- doped.

6. . The device in accordance with claim 5, wherein said n well is n- doped.
7. The device in accordance with claim 6, wherein said floating gate comprises
polysilicon.

- 8. The device in accordance with claim 1, further comprising a first electrical

contact electrically coupled to said drain region and a second electrical contact

electrically coupled to said source region.
9. A floating gate semiconductor device comprising:
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a substrate;
ap type sourcé region disposed in a plane a first distance over said substrate;
a p type drain region disposed in a plane a second distance over said substrat.e,
said second distance being different from said first distance;
a channel disposed vertically between said source region and said drain region;
an insulator surrounding said channel; and
a floating gate disposed adjacent said insulator and electrically insulated from
| said channel by said insulator, said floating gate disposed in a plane parallel to said

substrate.

10.  The device in accordance with claim 9, wherein said drain region and said source.

region are formed of deposited films.

11. © The device in accordance with claim 10, wherein said channel comprises p type

epitaxially grown silicon.

12.  The device in accordance with claim 11, wherein said p type source region and

said p type drain region are p+ doped.

13.  The device in accordance with claim 12, wherein said floating gate comprises a

layer of deposited n type amorphous silicon which has been recrystallized.

14.  The device in accordance with claim 12, wherein said floating gate comprises a

layer of deposited p type amorphous silicon which has been recrystallized.

15.  The device in accordance with claim 9, further comprising a first electrical
contact electrically coupled to said drain region and a second electrical contact

electrically coupled to said source region.

16. A floating gate semiconductor device comprising:
a substrate;
a p type source region;

a p type drain region;
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25.

A device in accordance with claim 22, further comprising a first electrical contact

electrically coupled to said drain region, a second electrical contact electrically coupled

to said source region and a third electrical contact electrically coupled to said tunneling

region.

26.

A device in accordance with claim 24, wherein said channel block comprises a

deposited silicon oxide.

1

27.

A device in accordance with claim 25, wherein said channel block comprises a

thermally grown silicon oxide.

28.

well.

29.

A floating gate device, comprising:

a semiconductor substrate;

a first n- well disposed in said substrate;

a second n- well disposed in said substrate;

a first p+ region disposed in said first n- well;

a second‘ p+ region disposed in said first n- well;

a channel region disposed between said first i)+ region and said second p+ region;
an insulator disposed above said channel;

a floating gate disposed above said insulator;

an insulator disposed over said floating gate;

a first contact coupled to said first p+ region;

a second contact coupled to said second p+ region;

an n+ region disposed in said second n- well;

- a third contact coupled to said n+ region; and

a portion of said floating gate disposed over at least a portion of said second n- -

A floating gate device, comprising:
means for sourcing a current;
means for draining a current;

means for channeling a current between said source means and said drain means;
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a channel disposed between said source region and said drain region;
a first insulator disposed adjacent said channel;
a floating gate disposed adjacent said insulatgr and electrically insulated from
said channel by sz;id insulator; and !
an n type tunneling region, said floating gate extending over at least a portion of

said tunneling region and electrically insulated therefrom by a second insulator.

17.  The device in accordance with claim 16, further comprising a first electrical
contact coupled to said drain region, a second electrical contact coupled to said source

region, and a third electrical contact coupled to said tunneling region.
1

18.  The device in accordance with claim 16, wherein said substrate is p- doped, said

source region is p+ doped and said drain region is p+ doped.

19. - The device in accordance with claim 16, wherein said substrate is p- doped, said

- source region is p+ doped and said drain region is p+ doped.

20. The device in accordance with claim 18, wherein said source region and said

drain region are disposed in a first n- doped well region of said substrate.

21.  The device in accordance with claim 19, wherein said tunneling region is

disposed in a second n- doped well region of said substrate.

22, The device in accordance with claim 20, wherein said first well region and said

second well region are separated from one another by a channel block.

23.  The device in accordance with claim 19, wherein said tunneling region is
disposed in an n+ doped well region which is, in turh, disposed within an n- doped well

region of said substrate.

24. A device in accordance with claim 22, wherein said drain and source regions are

disposed within a second n- doped well region of said substrate.
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first means for controllably injecting hot electrons from said channeling means to
a means for storing charge; and

second means for controllably transferring electrons from said means for storing

charge.

30.  The floating gate device of claim 29, wherein said second means includes a

tunneling junction.

31.  The floating gate device of claim 29, wherein said second means includes

photonic erasure.

32.  The floating gate device of claim 30, wherein said tunneling junction is |

impleménted with a shorted nFET. !

33.  The floating gate device of claim 30, whetein said tunneling junction is

implemented with a shorted pFET.

34.  The floating gate device of claim 30, wherein said tunneling junction is

implemented with a n+ region disposed in an n- well.

35.  The floating gate device of claim 29, further comprising:

a control capacitor.

36. The ﬂoating gate device in accordance with claim 35, wherein said control
capacitor comprises a pFET having its drain, source and well connections shorted

together.

37. A floating gate device, comprising:
a substrate;
an n- well disposed in said substrate;
a first p+ region disposed in said n- well;

a second p+ region disposed in said n- well;
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a floating gate formed of polycrystalline silicon, the device including only a
single layer of polycrystalline silicon;
a first electrical contact coupled to said first p+ region; and

a second electrical contact coupled to said second p+ region.

38.  The floating gate device in accordance with claim 37, further comprising:

a tunneling junction.

39.  The floating gate device in accordance with claim 38, wherein said tunneling

" junction is implemented with an n+ region disposed in an n- well.

40.  The floating gate device in accordance with claim 39, wherein the n+ region is

disposed in the same n- well as the first and second p+ regions.

41.  The floating gate device in accordance with claim 39, wherein the n+ region is
disposed in an n- well distinct from the n- well in which are disposed the first and second

p+ regions.

42.  The floating gate device in accordance with claim 38, wherein said tunneling

junction is implemented with a shorted nFET.

43, The floating gate device in accordance with claim' 38, wherein said tunnelingA

junction is implemented with a shorted pFET.

44,  The floating gate device in accordance with claim 38, wherein said floating gate
is coupled to a MOSCAP.

45.  The floating gate device in accordance with claim 41 wherein the tunneling

junction is bowl shaped.

46. The floating gate device in accordance with claim 40 wherein the tunneling

junction is bowl shaped.
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47. A floating gate device, comprising:

a substrate;

an n- well disposed in said substrate;

a first p+ r|egion disposed in said n- well;

a second p+ region disposed in said n- well;

a floating gate formed of pélycrystalline silicon, the device including two layers
of polycrystalline silicon;

a first electrical contact coupled to said first p+ region; and

a second electrical contact coupled to said second p+ region.

48.  The floating gate device in accordance with claim 47, further comprising:

a‘tunneling junction.

49.  The floating gate device in aqcordance with claim 48, wherein said tunneling

junction is implemented with an n+ region disposed in an n- well.

50. The floating gate device in accordance wiﬁp claim 49, wherein the n+ region is '

disposed in the same n- well as the first and second p+ regions.

51.  The floating gate device in accordance with claim 49, wherein the n+ region is

disposed in an n- well distinct from the n- well in which are disposed the first and second

p+ regions.

52.  The floating gate device in accordance with claim 48, wherein said tunneling

junction is implemented with a shorted nFET.

53.  The floating gafe device in accordance with claim 48, wherein said tunneling

junction is implemented with a shorted pFET.

. 54.  The floating gate device in accordance with claim 48, wherein said floating gate

is coupled to a MOSCAP.
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55.  The floating gate device in accordance with claim 51 wherein the tunneling

junction is bowl shaped.

56.  The floating gate device in accordance with claim 50 wherein the tunneling

junction is bowl shaped.

57. A floating gate device, comprising:

first means for injecting electrons onto a floating gate, said first means including
a pFET; and ‘

second means for tunneling electrons from said floating gate.

58.  The floating gate device in accordance with claim 57, wherein said second means

includes an n+ region disposed in an n- well.

59.  The floating gate device in"accordance with claim 58, wherein the n+ region and

the pFET are disposed in a first n- well.

- 60.  The floating gate device in accordance with claim 58, wherein the n+ region and

the pFET are disposed, respectively, in a first n- well and a second n- well.

61.  The floating gate device in accordance with claim 57, wherein said second means

iﬁcludes a shorted nFET.

62.  The floating gate device in accordance with claim 57, wherein said second means

includes a shorted pFET.

63.  The floating gate device in accordance with claim 57, further comprising:

third means for providing capacitance to said floating gate.

64.  The floating gate device in accordance with claim 63, wherein said third means

includes a shorted pFET.
65. A floating gate device, comprising:
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an n- type region;
a first p;+ region disposed in said n- type region;
a second p+ region disposed in said n- type rlegion;
a channel 'region disposed between said first p+ region and said second p+ region;
an insulator disposed adjacent said channel region;
a floating gate disposed so that said insulator separates said floating gate from
said channel region;
a first electrical contact coupled to said first p+ region; and

a second electrical contact coupled to said second p+ region.

66.  The floating gate device in accordance with claim 65, wherein said floating gate

comprises metal.

67.  The floating gate device in accordance with claim 65, wherein said floating gate

\

comprises polycrystalline silicon.

68.  The floating gate device in accordance wi*h claim 67, further comprising a

conductive layer insulated from said floating gate.

69.  The floating gate device in accordance with claim 68, wherein said conductive

layer comprises metal.

|

70.  The floating gate in accordance with claim 68, wherein said conductive layer

comprises polycrystalline silicon.

71.  The floating gate device in accordance with claim 65, further comprising:

a tunneling junction.

72.  The floating gate device in accordance with claim 71, wherein said tunneling

junction is implemented with an n+ region disposed in an n- type region.

73. - The floating gate device in accordance with claim 72, wherein the n+ region is

disposed in the same n- type region as the first and second p+ regions.
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74.  The floating gate device in accordance with claim 72, wherein the n+ region is
disposed in an n- type region distinct from the n- type region in which are disposed‘ the

first and second p+ regions.

75.  The floating gate device in accordance with claim 71, wherein said tunneling

junction is implemented with a shorted nFET.

76.  The floating gate device in accordance with claim 71, wherein said tunneling

junction is implemented with a shorted pFET.

77.  The floating gate device in accordance with claim 71, wherein said floating gate

is coupled to a MOSCAP. -

78.  The floating gate device in accordance with claim 74 wherein the tunneling

junction is bowl shaped.

79.  The floating gate device in accordance with claim 73 wherein the tunneling

junction is bowl shaped.

80.  The floating gate device in accordance with claim 76, wherein said floating gate

comprises metal.

81.  The floating gate device in accordance with claim 76, wherein said floating gate

comprises polycrystalline silicon.

82.  The floating gate device in accordance with claim 81, further comprising a

conductive layer insulated from said floating gate.

83.  The floating gate device in accordance with claim 82, wherein said conductive

layer comprises metal.
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84.  .The floating gate in accordance with claim 82, wherein said conductive layer -

-comprises polycryétalline silicon.
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