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BATTERYLESS, OSCILLATORiESS, BINARY TIME CELL USABLE AS AN
HOROLOGICAL DEVICE WITH ASSOCIATED PROGRAMMING METHODS AND
DEVICES

CROSS—-REFERENCE TO RELATED APPLICATIONS

The present application is related to the folldwing applications: U.S.
Application Serial Number 09/703335, titled “Batteryless, Oscillatorless, Analog
Time Cell Usable as an Horological Device with Associated Programming Methods
and Devices”; U.S. Application Serial Number 09/703340, titled “Sensing Methods
‘and Devices for a Batteryless, Oscillatorless, Binary Time Cell Usable as an
Horological Device”; U.S. Application Serial Number 09/703334, filed 31 October
- 2000, titled “Sensing Methods and Devices for a Batteryless, Oscillatorless, Analog .

Time Cell U§al51e as an Horolpgical Device”.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to horology and, in
particular, to methods and devices for time measurement using
an electrical fime_base. Still more particularly, the present
invention provides a device, which may be a solid-state
device, with methods and systems pertaining thereto, for
measuring time without an oscillator, oscillating element, or

oscillating circuit and without a continuous power source.



2. Description of Related Art _

Portable electrenic devices have become ubiqultous, and
as the size'and cdét of electronic'circuits continues to be
reduced, electronlc devices continue to be’ 1ncorporated in an
in¢creasing number .of consumer products. As an example, paper
greeting cards that play music when opened are no longer
"considered a novelty. Technical progress has been made on
flexible circuits that will allow electronic circuits to
created in a variety of shapes and to be embedded into more
products.' ' .

Inexpensive electronic devices can be categorlzed based
'upén their power requirements or'assoclated power systems.
.Some electronic devices'have a:variety of functions that may .
reéuire the device to be powered by an external power source,
such as an electrical outlet via an AC-DC adapter, while sonie
devices require one or more batteries. Other devices may
require both types of power sources: . an external power source :
for enabllng most functlons, and a small battery for powering
_m1nor functlons, such ‘as a clock or timekeeplng functlon,
l,whlle not connected to an external power source or .while -
“turned off”. Small electronic devices frequently 1ncorporate

a small, flat battery,_51mllar tq.those that power electronic

"watéhes}'merely to power a clock circuit. Gemerally; the
battefy powers some type of time'base oscillator or pulse’
generator that measures the passage of units of time.

The 1ncorporatlon of a battery into an electronlc device
-eolely for a simple clock function creates several
~disadvantages. ' Chemical batteries'p;esent potential chemical
‘leak and dispbsal hazards and are relatively expensive
compared to the cost of fabricating a tiny electronic circuit.
Batteries tend to have a.short shelf life, especially compared
to the useful life of the electronlc circuits that they
accompany. In addltlon, batterles are sometlmes several times
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larger than the electronic circuit to which they are
connected, thereby plac1ng de51gn restrictions on the
electronic device. _
Electronic time base‘oscillators are assumed to be
necessary for sﬂall, electronic, horological devices, but the
.accompanying batteries have many inherent disadvantages.
Hence, the current state of technology constrains the
concéption of other devices, consumer products, or consuner
' services that might incorporate a time measurement functidn.
.Therefore, it would be advantageous to prov1de a tiny, simple,
electronmic, horological device that provides tlme measurement
without a battery or an osc1llator.



SUMMARY OF THE. INVENTION

A.simple;electronic horological device, termed a time
“cell, is presehted in addition to associated methods, systenis,
devices, and computer program products.i The claims of. the '
present application are mostly directed to the structure'ahd
initializaﬁion of a particular type of time cell and the
‘devices and thelr associated methods that may be used to
lnltlallze or program the time cell. ‘

A tlme cell includes an insulated, charge storage element
that receives an electrostatic charge through its insulating
medium, i.e.. it is programmed, thereby giving the charge
storage-element aﬁ electric-potenrial with respect to points
‘outside the'insulating medium Over time, ‘the charge srorage
element then loses the electrostatic charge through the
.lnsulatlng medium. Given the reductlon of the electric =
- . potential of the programmed charge storage element at a
substantially known dlscharge rate, and by observ1ng the
“'electrlc potential of the programmed charge storage element at
a given p01nt in time, an elapsed time perlod cah be-

" determined. Thus, the time cell is able to measure an elapsed.
time period w1thout a contlnuous power source.

One type of time cell is a blnary time cell, it may be
similar in form to-a non-volatile memory cell. A programmed
"binary time cell loses its .charge durlng an elapsed perlod of
time. A read operation observes two p0551ble states of the
programmed binary time cell: the time cell has retained enough
charge'such'that the time-cell appears to be a programmed time
-cell; or the tlme cell has been dlscharged such that it
appears to be a non-programmed time cell. A read operation on -
a programmed binary time cell thereby allows a binary
determination as to whether or not a partlcular time perlod
'has elapsed at a given point 1n time. A time cell can be




.. designed and/or programmed to select the particular time
period to be measured by the time cell.




BRIEF DESCRIPTION OF THE DRAWINGS

The noﬁel features believed characteristic of the
invention are set forth in the appended claims. The invention
itself, further objectives; and advantages-thereof, will be
best ‘understood by reference to the following detailed
‘description when read in conjunction with”the'accompanYing
drawings, wherein: _

 Figure 1A depicts a typical non-volatile memory cell
containing a charge storage ‘element implemented as a typidal
-floatlng gate field effect transistor; | '

" Figure 1B depicts a symbollc representatlon for -an FGFET,"

| Figures 1C-1D depict the- effect upon the threshold
-.voltage by a programmed floating gate of an n-type floatlng
gate fleld effect tran51stor,

Elgures 1E-1J are spreadsheet models and graphs that _
.deplct the threshold voltage retention characteristics over
long periods of tlme for non—volatlle memory cells Wthh have
- traditional dimensions and geometrles,

_Fiqure 1K depicts a set of threshold voltadge response
'graphs showing the change in threshold voltage of an n-type
.fioating'gate field effebt transistor as its programmed
floating gate loses 1ts charge; . . -

Figures 1L-IQ are spreadsheet models and- graphs that

depict the threshold voltage retention characteristics of an

n-type floating gate freld effect transistor in a time cell in

-which the tunnel oxide has been thinned;

Figure 2a depicts'an'insulated charge'storage element
usable as an horological device in acoordahce with an '
embodiment'of’the'present invention; |




Eigtres 2B-20.depict_simple proeesses that may be
-tperformed within a computer or electronic device that uses an
horological device in accordance with the present invention;

Figure 3h depicts a set.of,time cells in‘accordance with'
an embodiment'of'the present invention; |

Figur¥é 3B depicts an array of tlme cells divided 1nto.
‘sets of time cells;

- Figure 3C deplcts an array of tlme cells for measurlng
multlple time perlods, '

Flgure 3D is a graphical deplctlon of a smart card that
may be used in conjunction with the present invention;

- Figuxe 3E depicts'the'hardware components within a smart
. card that may be: ‘used in conjunction with a tlme cell array of
the present invention; _

Figure 3F deplcts a relatlonshlp between a programmlng
rdev1ce, a sen51ng dev1ce, and an horologlcal device in
'accordance with an embodiment of the present 1nventlon,

_' Flgures 4A-4B are symbolic representatlons of an
embodlment of the present invention that show a. programmlng
FGFET and a chargeloss sen31ng FGFET together with a common
floatlng gate, _ ' _

’ Fiqure 4C depicts_the voltades apolied to the wvarious
terminals of the device during the programming operation,

- Flgure 4p deplcts the voltages applied to the various
termlnals durlng a sensing operation for a device in
accordance.w1th an embodiment .of the preésent rnventlon;

- Figure 4E depicts a physical device comprising a
programming.FGFET coupled through a common floating gate with -
a chargeloss—sensing FGFET in combination with a coupling gate
- in accordance with an embodlment of the present invention;

- Figure 4F is a 51mp11f1ed cross—-sectional view that shows -

the p051t10nal relatlonshlps of the common floating gate and



the coupling gate of a brcgrammable chargeloss-sensing FGFET -
in accordance with an embodiment of the present invention;

Figure 4G is a circuit diagram that depicts a threshold

‘voltage detection circuit in accordance with an embodiment of -

the present 1nventlon,

‘ Figures 4H-4J are a set of graphs that show the manner in
'whlch the voltages and currents in the PCSFET change during a
monitored tlme perlod, '

Figures 4K-4L is a block diagram.that.depicts a
~relationship betﬁeeh a programming device, a sensing device,
and an horological device in accordance with an embodiment of
~ the present invention; L
' Flgures 4M-40 are symbollc representatlons of a dlfferent
embodlment of a programmable chargeloss sen51ng FGFET to be
used as an analog time cell; and

Flgure 4P deplcts a phy51cal device comprising a PCSFET

with a coupllng gate in accordance with .an embodlment of the .

present 1nventlon.




DETAILED DESCRIPTION OF THE INVENTION

Introduction to basic device of'present invention

The present invention.is-directed to a simple,
electronic, horological device. In general, an insulated,
charge storage element.receives an amount of electrostatic
charge through its insulating medium, i.e. the charge storage
element is “programmed”, therehy giving the charge storage .
element a known electrié potentlal with respect to points
" outside the insulating medium. _ _
' Over a period of time, the charge storage element then
loses, dlscharges, emits, or leaks the electrostatlc charge

through its: 1nsulat1ng medlum through some type of phy51cal

process, thereby reducing the electric potential of the charge

Storage elemeht. 1In other words, the electric potential of
.the programmed charge storage element 1s reduced at a )
substantlally known.rate,through a transport or emission

: process in which electrqstatic charge-is removed from the
charge storage7element' The discharge rate may or may'not be
linear, although a dlscharge function that models the:

' dischatge process of the charge. storade element_is .

" ‘substantially known

At a given point in time, the electric.potential of the

charge storage element is observed.. By knowing the beginning

' electric potential of the charge storage element, the. observed

electric potential at the given time, and the charge discharge

rate of the charge storage element, an elapsed time period can .

"be determlned for a glven ‘point in tlme.

 The programming process and the dlscharge process of the

;charge storage element may be selectlvely controlled by .
varying the geometry, materlals, and/or physical construction

'of the charge storage element Since the programming process
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" may be a qulcker, less prec1se process than the. dlscharglng
process, the charge storage element may- be de51gned with a
hlgher prlorlty to controlllng the dlscharglng process._ In

~ other words, the horologlcal device may be engineered w1th1n
-certaln parameters to achleve desired temporal propertles for
a mathematlcal dlscharge function that models the phy31cal '
discharging process, as is discussed with respect to the
'embodlments of the 1nventlon that are presented below in- more
:-detall. For 1nstance, it is desirable that the period of time
during which a programmed charge storage element discharges
should be substantlally longer than the period of tlme
-requlred to program the charge storage elenment.

The charge storage element comprises its insulating _
medlum and its internal medlum Although an- 1nsulat1ng medlumf
exhibits relatively poor conduction of electric charge,'eharge
may-pass_through am insulating medium depending upon certain
' factors, such as the dielecttic constant of the'imsulating
:medlum (its resistivity) and the w1dth of the lnsulatlng
medium between the source of the charge and the destination of"
_the charge. ‘Typically, an insulating medium has a hlgher
electrical resistance than adjacént media and gemerally_serves
to separate and to isolate adjacent conductors or . .
semiconductors.'-In the-present invention, the insulating
medium'of the oharge storage element substantially'surrounds
and contains an internal medium capable of bearing an o
electrostatic charge, i.e. the internal medium cannot be .
comprised solely of free -space. The insulating medium may
'comprise free space, a gaseous medium, a liquid, a solid, or a
combination of these. Although the insulating media |
substantially surrounds the internal medium, the internal

medium does not necessarily ocoupy the entire space enclosed
by the. insulating media. '
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Although the charge storage'element is substantially
electrlcally 1solated by 1ts insulating medlum, “the charge
storage element may be programmed through its 1nsulat1ng
medium in a relatlvely short perlod of time using a varlety of
_known phy51cal processes.' In general, an.lnsulatlng mater;al,
such as silicon dioxide (glass), is a suhétance whose
conduction band is separated from the valence band by such a
large band gap that hardly any electrons can acquire
suff1c1ent energy to be.lifted into the conductlon band.
‘However; certain physical processes may cause very llmlted
transport of electrons through an 1nsulat1ng material. The
physical processes by which the internal medium receives or
‘discharges an electrostatlc charge  through the 1nsulat1ng
mediim will vary depending upon implementation of thercharge '
storage element, which should be apparent as the various
embodiments of the invention are presented below in more
detail. =~ ' '

Accuracy of basic device Gf the present invention-

The accuracy of the horological-deyice of the present
invention is 1nherently llmlted. However, the accuracy of any
.actual horological dev1ce is limited by the prec151on of its
'constructlon. Moreover, any- flnely constructed instrument for
.hmeasurlng time. 1s inherently limited by the phy51cal processes
of the interacting objects that are being used as a standard

unit. of time or as the standard of temporal measurement. For
example, a wristwatch that operates by winding a spring cannot

be constructed so that 1t is as precise at’ measuring fractions
of a second as an atomic clock that operates by monltorlng the
" vibrations of a cesium atom. _

With the present invention, the accuracy'of the'
horological device is inherently'limited by the accuracy to
which one can model the discharge process with a discharge
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function for-an actual physical device and the accuracy to_
‘which one-observes the retained-electrostatic charge. For
example, a programmed charge storage element may exhibit a
non—linearidischarge process in which its e;ectric potential
~asymptotically approaches'a valﬁe; In that_case, the temporal
accuracy.of suCCessive~obServations tends to decrease over ‘the
1ifetime'of the electrostatic charge, thereby limiting the
purposes for which the present invention may be useful.
| However, -the dlmlnlshlng accuracy may or may not be a
dlsadvantage, dependlng upon the particular purpose for which
one might use the present invention. '

The use of any’ 1nstrument represents an antecedent ch01ce1
between the desired accuracy of the instrument’s measurements
and- the cost, effortf.or'lmportance,of the_measyrements. For.
example} one does not expend the cost and effort to maintain
an atomlc clock as a tlme reference for normal dally actions
_for whlch a wristwatch is better suited. From a dlfferent
perspectlve, though one might say that a decent WIlStwatch
and an atomlc clock were equally suited to the task of
determlnlng a time period of one year "to an accuracy of one'.
minute. Slmllarly, in determining whether the present -
1nventlon would prove useful for -a particular purpose, the
accuracy and the operatlonal characterlstlcs ‘of the -
horologlcal device of the present 1nvent10n should be su;ted
to the partlcular purpose. o

The accuracy and operational characteristics will vary
according to the embodiment'of the present invention. Tne
inherent tradeoffs between accuracy and utility should be
apparent as the various -embodiments of the 1nventlon are
presented below in more detail.
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Analogles betweén an hourglass and present 1nventlon

In order to provide an expanded understandlng of the
present invention, analogies.can be made between the present
1nventlon and an hourglass. An hourglass is a tlmekeeplng
device of ancient origin consisting of a tlmekeeplng contalner
and a timekeeping substance. The tlmekeeplng container is.
usually two clear, counterposed, flasks or- flask—llke
contalners that have their narrow or open ends joined to form
a small.aperture. The container is usually-supported by a
metal or wooden frame or stand. One half of the container
holds, or is almost filled, with a fluid or granular substance
that acts as the timekeeping substance. Most commonly, the -
container'is made of glass, and the timekeeping substance is
: sand.:'InVErting the hourglass imparts gravitational potential’
energy to the timekeeping substance, which-causes the enclosed
_substance to flow from the upper half to the lower half of the
contalner over a perlod of time.. '

- Hourglasses, also called sand tlmers, may measure a
period of one hour, but the term is used for any such oo
' grav1tatlonal dev1ce. The hourglass’ s measured time period is
set by the amount of timekeeping substance and the size_of the -
container’s aperture. A larger amount of tlmekeeplng
substance and a smaller aperture extends ‘the measured tlme
'perlod, although the aperture can be so narrow that the ,
timekeeping substance does not flow regularly or does not flow
at all. To an exteéent, the characreristics of the timekeeping
substance affect the characteristics of the flow of the
" substance through the aperture. For example, large sand
grains may flow through the aperture more slowly than fine
sand grains. _

The container’s transparency allows someone to observe
the amount of timekeeping substance retained in the upper half
of the container (or the lower half),. thereby providing an
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- indication of the anount'of,time that has passed since the

hourglass'was inverted. The hourglass may. be marked'to'denote'

- smaller periods of'time such that when-the'surface of the
'tlmekeeplng substance falls to the mark, a predetermlned
period of time has passed '

The horological device of the present 1nventlon could be'

termed an “electrostatic hourglass" as it is analogous to an

hourglass in the follow1ng manners. The lnsulatlng medium of’

the charge storage element is analogous to the glass. container

.of an hourglass; and the internal medium of the charge storage'

element is similar to the free space within the glass
contalner. In the case in which the tlmekeeplng substance 1n
an hourglass comprises sand grains, 1nd1v1dual charge carrlers
are analogous to individual sand gralns. The 1nsulat1ng
medium and its internal. medlum serve to contain an
electrostatic charge posse551ng electrlc potential energy,

_ whereas the hourglass serves as a container for a tlmekeeplng
' substance posse351ng gravitational potentlal ehergy. The
insulated charge storage element~may have_a supporting '

‘ structure,_such as .a semlconductor substrate upon which it

- rests, . similar. to the supporting.frame of the hourglaSSu-'
"Although the timekeeping substan¢e within the hourglass is
reused; the charge within the present 1nventlon is not reused
after it is dlscharged.

In each timekeeping dev1ce, a time period can be '
correlated w1th a flowing or dlscharge process: electrlc
charge from the charge storage element and sand (or other
tlmekeeplng substance) within the hourglass. Like sand in an
hourglass, a larger initial amount of electrostatlc charge-
extends the measurable time period for the charge storage
element. In some implementations of the present invention,
the dimensions of the insulating media and its physical
properties are similar to the width of the hourglass aperture
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in that the dimensions and properties of the insulating media
can control the discharge'rate of the electric charge. In -
fact, the barrier presented by the insulating media can be so
great that the electric charge does not flow regularly or does
not discharge at all, Although the amount of retained '

" electrostatic chargerwithin the charge storage element-cannot
be directly perceived, it can be indirectly determined by
first performiné some type of physical measurement and then
transforming the first measurement into some form that is
humanly perceivable. ' ' h

Introductlon to embodlments of the present 1nventlon
The present invention may be implemented using a variety

of.conflguratlons for the charge storage element and
supﬁorting elemehts,_and_the method offobServing the electric
potential may vary depending upon the chosen embodiment.
A.firat embodiment of the present invention uses a -
" modified" non—volatlle memory cell, hereln termed a “time
chll"' as the charge storage element. Inltlally, the time
cell, which has a predetermlned discharge rate, is programmed.
Then, the retained electrostatic charge is- 1nd1reqtly observed
~at some later point in: time by performing a.read oberation on
‘the-time cell in»order~tonmake~a~determination-as~to-whether-
or Hot the threshold voltage of the time cell is above a
predetermined . threshold voltage. The result of the read
6perati6n then determines whether or not a predetermined
elapsed tlme ‘period has elapsed. After the tlme cell has
discharged so that its threshold voltage 1s below the
predetermined threshold voltage, it has reached a
-sgbstantially'discharged state. For reasqns'described-further
below, .this type of time'cell may also be termed a “biﬁary
time cell”. o |
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A second embodiment of the present invention describes
the manner in which the present invention may be broadly

. viewed as covering multiple types of horological devices that

operate according.to the same principles described with
respect to the first embodiment of the invention. |
A third embodimént of the present invention extends the

_first embodiment by employing a set of time cells, each cell

' possessing a different discharge function, thereby providing a

range of- granularlty for concurrently measuring multiple time
periods. The retalned electrostatlc charges are observed by
performing ‘read operations on the ‘time cells to determlne
whether the associated time perlods have elapsed

A fourth embodlment of the présent invention extends the

_concept of using the floating gate of a floating gate field
--effect transistor as the insulated charge storage element for

“an horological device. Preferably, a programmlng trans1stor

and a sensing transistor with a common floatlng gate are used

:‘together. The common, expanded floating gate is used to store
* .an amount of electrostatic charge that is greater than the

‘amount of electrostatic charge stored by a typlcal floatlng

gate ﬁle;d effect transistor (FET), or FGFET. The remaining
electric potential of the floating gate is then indirectly

'observedmby~afsensingfdeviceywwhichwthenmconvertS"its

measurement into an -elapsed time value. Discharge functlon
characteristics can be optlonally stored as part of the

' horologlcal device. For reasons descrlbed further below, this

type of time cell may also be termed an “analog time cell”.

In addltlon to the embodiments mentioned above, methods,
systems, and computer program products for u51ng the
horological device are also presented.
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A first embodiment of the present invention uses a
 modified non-volatile memory cell, called a time cell, as an
-horological device. Non-volatile memory devices, which are
. memory devices which retain data when power is remoyed_from.
the memory device or from tﬁe system containing the memory

device, are well known in the art of computer technology.
Many different implemeritations of non-volatile memory are
commercially available, and different types of mon—volatile
. memory operate in different manners.

Certain types of non-volatile memory lie out51de of the
scope of the present invention because they do not incorporate
a -charge storage ‘element. For example, programmable read-only
memories, or PkOMs, are read-only memories that can be Written“
to or programmed only once, typically with speclal equlpment
that burns out fu51ble links in a network of logic, thereby
"settlng a spec1f1c memory location to a desired loglc level
‘and establlshlng read—only data values.. Hence, these- types of”
: memorles store data without a charge storage element.

. ' Many other: types of non-volatile memory cells comprise -
'charge storage elements. Hence, -the form of the tlme cell of
the present invention may ‘be based on many different types of
non—volatlie'memory“cells, SUCh”HS“Hn EPROM cell;, am EEPROM
cell, or any other type of non-volatile memory cell comprlslhg~
an-insulated charge storage elemeﬁt. For example, an
electrically programmable read—only memory (EPROM) can be
‘electrically programmed and then erased by exposure to'

- ultraviolet light at a later time. An electrically erasable
programmable read—only memory (EEPROM) can be electrically
programmed .and electrically erased. Specifically, in. the
first embOdiment of the present invention, a generic
non—volatlle memory cell has been modified to function as a

tlme cell in whlch an electrostatlc charge is- accumulated
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' within.the'insulated charge storage element of the modified
non-volatile memory cell.

The additional feature of erasing the time cell by
discharging the 1nsulated charge storage elemént is not
essential to the present invention. The advantages and
disadvantages of incorporating an-additional erasure.feature
are described further below. | '

Although. the present invention may be based on different .
ftypes~of nonfvolatile memory cells, the following examples
| refer to-a simple field effect transistor containing a
'programmable floating gate structure. However, one of
ordinary skill in the art would appreciate that the structure
of the time cell may vary depending on the implementation. )
. For example, the time cell may have an erase gate and other'
device structures or -elements in addition to the structures or
'elements depicted in the examples. The depicted examples are.
‘not meant to 1mply limitations with respect to the present
invention but rather prov1de 1nformation concerning the range
of devices that may support the storage and discharge of an
electrostatic charge within an 1nsulated charge storage
element in accordance w1th an embodiment of the present
invention. R ._ f

%s~i5mdescribedwin~ﬁbremdetailwfurther~belowrwthe“chargewm""t"“
" needed to program the modified non-volatile memory cell must
be injected into or through the insulating material of the
'charge'storage element. Different mechanisms of programming
the modified non—volatlle memory cell are Vlable, although the
different mechanlsms have different requlrements and
characterlstlcs that may-lead ' a de51gner to prefer one
.mechanlsm over another. In the following examples, the charge
1s.1njected via a mechanism called channel hot electron
‘injection; However, different mechanisms may be used, and one
of ordinary skill in the art would appreciate'that the |
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injection mechanism ma& vary.depending on the implementation

- of the present invention. The depicted examples are not meant
to imply limitations with respect to the present invention but
rather provide information concerning a preferred injection -
mechanism in accordance ‘with an embodlment of the present

| invention. _

| With reference to Figure 1A, a diagram depicts a typical
non—volatlle memory cell .containing a charge storage element
1mplemented as a typical. floatlng gate field effect
transistor. The operatlon_of floating gate field effect
transistors (FGFETS)_are well-known in the art. The

operation of a typical FGFET is- first discussed in order to
proVide background information, which is then followed by a
discussion of an embodiment of the present invention in which
"a typical non-volatile memory cell can be modified to form a
time céll that can be used as an horological device in .
accordance with the present 1nvent10n.. Figure 1A deplcts an
_néchannel or n-type floatingfgate FET. Although a p-type FET
" may be used, in which caée,alternative programmlng ‘mechanisms
'may be desirable, it has been found in the prior art that an
n-type FET with channel hot electron (CHE) injection into the
floating gate'provides the most efficient operation for
progranming thé Wemory cell, s discussed in More detail

. further below. o ' '

N-type floatlng gate FET 100 is formed on a
monocrystalline 5111con substrate that-has been lightly doped
with a p-type acceptor ion for generating holes, such as

boron, to form P- substrate 102. .Source'104 and drain 106 are;

formed 1n the substrate by creatlng two ‘regions that are
. highly doped w1th an n—type donor  ion for donating free.
electrons, such as phosphorus. Alternatively, the source and
-the draln may be formed in a p—~well region in 'a silicon

substrate. The reglon between the source and the draln forms
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the channel in which minorlty current carriers flow (in this
case, electrons) when an electrical fleld is applied over the
channel. .

- Conductive contacts 108 and 110 from the source and the
drain, respectively, are insulateq from other portions of the
device by insulating regions llz'and 114, respectively, and
the conductive leads allow current to flow to or from the
source and the drain when'appropriate. In Figure 1A, the
1nsulat1ng regions are formed by silicon oxide (810,) reglons,
but alternatlvely, other insulating materials may be used.
Other ozxide reglons and other optional structures or elements
are not shown, and the structures of the device are not drawn
to scale. . | |

Control gate 116 and floatlng gate 118 are reglons that
'are separated. from other portions of the device by insulating

‘region 120. Floating gate. 118 may be poly51licon (also. termed

"'amorphous, multl crystalline, or polycrystalline Silicon),

while' control gate 116 may be metal or polysilicon. A.portion-“
‘of insulating region.lzo_betueen e floating gate and”the
channel portion of the substrate is termed the “tunneling.
okide”ﬂor “tunneling region" 122 for reasons which will become
apparent.in _the ;Qe_acription below. Figure 1B depicts a
symbolic representation for an FGFET. :

In a typical n-type FET, the application of a p051t1ve .
_direct current voltage to the gate over the channel turns on
the FET by attracting electrons to the cnannel_region, thereby
enabling the channel'region to become conductive. In floating
gate FET 100, control gate 116 performs the gate functlon of
turnlng on and off FET 100. The voltage of the control gate
must be equal to or greater than the FET’s threshOld voltage,
a eharacteristic parameter that determines,the point at which .
the control gate voltage has become large enougn to enable'the
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'channel.of the FET to become conductive, or  in other words, to
.turh on the FET. _ . | |
- The FGFET gets its memory functionality by programming .

the floating gate. During a programming operation, the
-floating'gate receives an amount of charge. If the floating
gate is storing charge of an appropriate polarity, the FGFET
cannot turn on, thus indicating one memory state. When the
floating_gate is not storing any charge, the FGFET operates as
if it were an FET without a floating gate, which indicates the
" other memory state. . The two memory states support the
operation of blnary loglc in Wthh the two memory states
represent either a logical “0” or a loglcal b Rid stored within
the memory cell as a .single bit.. .

With reference now to PFigures 1C-1D, graphs depict the
- effect upon the threshold voltage by a programmed floating
gate of an n-type’ floatlng gate field effect transister. In
Figure 1C, before the floatlng gate receives a charge duriﬁg'a
programming operatlon, any voltage at the. control gate greater )
‘than the FGFET'’'s threshold voltage. allows current to flow
through the draln, assuming the drain is p051t1vely biased
with respect to the source. Hence, during a memory operation
to read the bit value stored in the memory cell containing the
FGFET, - read operation voitage at the control ‘gate greater
than the threshold voltage turns on the FGFET, thereby
providing an Lndlcatlon that the floatlng ‘gate has not been
programmed. ' _ . ’

‘In Figure 1D, after theifloating gate receives a charge
' during a programmlng:operation, any voltage at the control
gate less than the FGFET's threshold voltage will not cause-
current to flow through the drain, assuming the drain is
positively biased with respect to- the source. Hehce,;dUring a |
memory operatlon to read the bit value’ stored in the memory-
_'cell contalnlng the FGFET, a read operatlon voltage at the.




22

control gate less than the threshold voltage does not turn on
-the FGFET, thereby providing an 1nd1catlon that the floatlng
gate has been programmed.

The two operatlonal states of the floating gate support
'blnary logic. The_loglc circuits that include the memory cell
L will have .a convention as.to which operational'state'of the
FGFET indicates a binary “1” or a binary “0”. Hence, when a
floating gate is programmed, one can_interpret the operation
as setting the memory cell to a logical “1” or a logieal “0”.
By performing a read operation on the'memory_cell, a binary
' determination can be made as to whether.or not the memory cell
'contalns a logical “1” or loglcal “0”

. A nemory device contalnlng non—volatlle memory cells may
have an internal state machlne that prov1des programmlng
_algorithms for storing and eraslng data accordlng to the type
of archltecture or arrangement for its memory cells or memory -
cell arrays. Since many types of non-volatile memory are
well- known and commerc1ally available, it should be noted. that
an essentlal characterlstlc of the present 1nvent10n is the
insulated charge storage element. and its programmablllty - The. -
present 1nventlon could be- 1ncorporated into many’ différent
- types of non-volatile Memory arrays or'archltectures that have

the necessary essential oharacteristics, and memory array' '
circuitry will not be further discussed.

_A non-volatile memory cell can be programmed by a variety
of physical processes. The charge needed to program the
non-volatile memory cell must be injected into or through the
insulating material of the charge storage element. Different
mechanisms of programming the non-volatile memory cell are
possible, although the different mechanisms have different
requlrements and characteristics that may lead a designer to
prefer one mechanism over another._
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One electron injection mechanlsm used. in floatlng gate
dev1ces is Fowler-Nordheim tunnellng, whlch is.a
field-assisted electron tunnellng process.. Assumlng that the
floating gate is composed of poly31llcon, when a large voltage
is applied across the poly51llcon/sloz/sllloon structure forpn
by the floating gate, insulating material: and ohannel,.the
ehergy barrier is narrowed enough such that electrons-oan
tunnel through the barrier from the silicon conduction~band
into the silicon oxide'conduction band. A high injection
field on the order'of_lo Mv/cm is needed across_the oxide
during a programming operation -that uses Fowler-Nordheim ...
tgnneling. In order to reach these'high—field values and _
limlt'the.voltages needed during programmlng,'very thin tunnel-
oxides are_ﬁsed, e.g., an aﬁplied voltage of 10V across an
oxide of 10 nm (nanometer)'thickness. In order to'reduCe the
'voltage, the tunnel oxide can be thlnner, although a thlckness
of 8. nm has been recognized as a lower limit necessary for
: good charge-retention. behayvior. Additional beneflts of thln
._ox1des include a shorter channel length ‘and a lower read .
operation voltage. - However, thin oxides can be dlfflcult'td
grow with'lowlgefect densities,'which is'requlred to obtain
good charge-retention behavior. The main disadvantage in
using Fowler-Nordheim tunneling for programming an FGFET is
the long time periods necessary to accumulate sufficient
charge in the.floating gate. More ihformation on
 Fowler-Nordheim tunneling ﬁay be found in Nonvolatile
' Semiconductor Memory Technology: A Comprehensive Guide to
Understanding and Using NVSM Devices, edited by William D.
Brown and Joe E. Brewer, IEEE Press, 1998.

A preferred programming mechanism for the FGFET shown in

Figure 1A is channel hot electron (CHE) ihjection, which is a
much quicker process for injectlng charge into the floating

gate. At large drain-to-source biases, the minority carriers
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that flow in the channel whlch are electrons 1n an n—type.
FGFET are accelerated by the large electrlc fleld found at
the draln 31de of the ‘channel. This glves rise to 1mpact

ionization at the drain, and most of the mlnorlty carrlers

generated by the impact ionization are collected at the draln.‘:.

Some of the electrons gain enough energy to allow them to
surmonnt the Si0, energy barrier and are emitted into the
oxide, which gives rise to a hot—carrler injection control
gate current. , .

The.cpntrol gate current of the FGFET coneists-of those
electrons that actually reach the control gate, while some of
the electrons are collected at the floating gate. The nain _
disadvantage of CHE injection_is its low injectionhefficiency"
and, consequently, its.high power consumption. For favorable.
electron injection, at fined bias conditions, it is desirable
to have a high vertlcal electric field and a high lateral
electric field, which are condltlons that tend to be in
contentlon. In an FGFET, the ‘lateral field along the channel

* tends to decrease for an 1ncrea31ng control gate voltage, -

‘while the vertical field obvlously increases for an increasing”
control gate voltage. Hence, in order to.generate a large
number of hot electrons, a lower control gate voltage and a
-higher drain'voltage are desirable. However, for electron

. injection and collection on the floating gate, a higher .
control gate voltage and a lower drain voltage are desirable.
‘As a compromise, both control gate and drain voltages are kept
high. The programming voltages are usually much greater than

.the normal -operating vOltages'applied to either the control
gate or the drain. '

. The FGFET memory cell is termed'a non-volatile memory
cell because the charge within the floating gate is - _'
essentially stable and'nonevoIatile. In contrast, a common
dynamic random access memory (DRAM) is a volatile
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semiconductor read-write memory that requires periodic
refreshing to preserve the charges on its capacitive memory
cells that retain'data. | '
Data retention is .a standard measure of a dev1ce s’
ablllty to retain data over time. This is a critical

. reliability parameter for programmable non-volatile memories.

High temperature operating life and data rétention bake - are

" the primary reliability tests for'this parameter. The typlcal
- minimum pattern retention time for many commerc1ally available’
memories is 10 years at 150 °C and 20 years at 125 °C, whereas

the typlcal expected operatlng temperature for most devices is

- —40 °c to 125 °c.

‘The most 1mportant mechanlsm by whlch an FGFET fails to
'. retain data is Fowler-Nordheim tunnellng After an n-type
FGFET has been programmed by accumulating electrons within the
. floating gate, the floatlng gate has a 51gn1f1cant electric

. potential, and the electrons tunnel through the insulating
ox1de between the floatlng gate into -the channel. Therefore,'
thls portion of the insulating reglon 1s termed the “tunnellng.
‘oxide” or “tunnellng reglon", as shown by tunnellng region 122
in Figure 1A. ' )

As the floating gate loses electrons, the electric:
potential generated by the stored electrons diminishes, and
the threshold voltage for the FGFET begins to shift:back to -
its non-programmed threshold voltage. At some point, a read
operation on a programmed memory cell with significant loss of
charge wili turn on and draw a significant amount of drain
current. The FGFET then appears to be a non- programmed FGFET.
Assumlng that the FGFET was programmed in order to store a bit
.value, the loss of charge will cause an incorrect bit value to
be read from the memory cell.

With reference now to Flgures 1E-1J, spreadsheet models
'and graphs depict the threshold voltage retention
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characteristics'over long periods of time for non-volatile
memory cells whlch have tradltlonal dimensions and geometries.
Fowler—Nordhelm tunneling effects are well-known in the art

and have been modeled so extensively that Fowler- Nordhelm

equatlon calculatlons may be computed within a spreadsheet
For more 1nformatlon, see Richard G. Forbes, “Use of a_ -
spreadsheet for Fowler- Nordhelm equation calculatlons”, J.
Vac. Sci. Technol. B - Mlcroelectronlcs and Nanometer
Structures 17(2), pp. 534-541, Mar/Apr 1999. '
Typical widths for tunneling oxides are commonly 8

nanometers (nm) to 10 nm. Figuré 1E shows a common set of .

parameters for a floatlng gate FET, including a tunnel ox1de

-thlckness of 80 angstroms or 8 nm, and Flgure 1F shows a graph -
_of the threshold voltage of a floating gate FET over a period’ -

of 30 years at evenly spaced, one year intervals. As shown in
Figure 1F, the threshold voltage not.only drops slowij over
time but the'rate'of change-also diminishes over tiﬁe. | .

_ Figure 16 shows a common set of parameters for a floatlng _ ': ;
gate FET, including a tunnel oxide. thlckness of 80 angstroms ' |

a floating gate. FET'over a‘period of 32'years. Figure 1I
shows. a common ‘set of parameters for a floating gate FET,
1nclud1ng a tunnel oxide thickness of 85 angstroms or 8.5 nm.
Figure 1J shows a graph ‘of the threshold voltage of a floatlng.
gate FET over 'a perlod of 32 years. -

In both Figure 1H and Figure. 1J, the numbér of seconds
along the x-axis increases exponentially at each 1nterval,
thereby providing a perspective on the drop in threshold
voltage over both short and long periods of time. As can be
seen in Figure 1H and Figure 1J, the.floating gate retains its
charge very well; the charge .does. not begin to srgnificantly

.decay until at least 1 year after the programming operation,
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over a 32 year period. . ' )
With' this background eXplanatlon of the operatlon of a

typical floating gate FETL the description now turns to an

- explanation of the manner in which the first emhodiment of the

present invention . modifies a non-volatile memory cell

containing a charge'storage.element, such as a floating'gate-
FET, to d¢onstruct the basic form of an horologlcal device ~
called a time cell. '

Thls embodiment of the present 1nventlon makes the novel
observatlon that the rate -at which a non-volatile memory cell
loses ‘its charge can be selected or constructed 1n a manner
that allows the discharge process to be useful. U51ng this
novel observation, a modified non-volatile memory cell can be
engineered as an horologidal deviCe,therein termed a “time .
cell”, that allows observatlons:of its state such that elapsed
time periods can.be deternlned. By manipulating the

.insulating medium around the: charge storage element within the

time cell and its initial ‘conditions, -the rate of the:

'discharge process can bé controlled in & manner such that_the:

time’ cell ‘can measure a known elapsed time period. -

- In general, the dlmen51ons and physical propertles of. the
insulating medium control the ablllty of electrons to tunnel
from the charge storage element through the 1nsulat1ng nedium
via Fowler-Nordheim tunneling. Assuming a particular type of
insulating medium is used, the physical dimensions or the '
geometry of an insulating medium, such as its thickness, can
be reduced in order to increase  the number of electrons'that-
experience Fowler—Nordheim tunneling, thereby causing the
charge storage element to discharge more quickly. ' _

. More specifically, in a floatlng gate FET, as discussed
above, the thickness of the tunnel oxide controls the ability

of electrons to tunnel from the floating gate through the
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tunnel oxide via Fowler-Nordheim, tunneling Hence,  one method
| of creating a time cell similar in form to. a floatlng gate FET
is to reduce the tunnel oxide thickness of the floating gate :
FET in order to’ 1ncrease the number of electrons that
'~exper1ence Fowler-Nordheim +tunneling, thereby 1nduc1ng the
floatlng gate of the FGFET to dlscharge more. qulckly.

After a time cell is constructed with the necessary
reguirements, the time cell then operates as.an horological:
dévice as follows. Initially, the tlme cell, whlch has a -
_predetermined discharge. rate, is programmed. As the time cell
loses its charge, its threshold voltage shifts, whlch changes -
its_operational characteristics. _

A read operation.can be performed on the time cell'in a
manner.similar to.performing a read operation on a
non-volatile mémory cell in order to read the non¥volatile
memory cell’s data value or bit value. In the case of the
~ time cell however, the read operatlon is performed in order
to read the time cell’ “elapsed time value"

One can determlne whether or not the read operation’s
voltage is above or below the threshold'voltage of -the time
cell’s transistor by observing whether or not the transistor
is turned on by the read voltage. This operation provides an
‘indirect observatlon of the electric potential of the charge'
.storage element in the time cell and 1ts retained
" electrostatic charge. By knowing the amount of time that
should elapse before the charge storage element loses enough
charge to reach a partlcular electric potential, or in other.
words, by know1ng the amount of time that should elapse before
‘the transistor contalnlng the charge storage element reaches a
particular threshold voltage,. the read operation can'deteruine
whether or not a predetermlned time period has elapsed.

With reference now to rlgure 1K, a diagram deplcts a set

of threshold voltage response graphs showing the change in
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threshold voltage of an n—type floating gate fleld effect
tran51stor as its programmed flecating gate loses 1ts charge.
After the floatlng gate receives a charge during a programmlng
operation, any voltage at the control gate less than the
 FGFET's threshold voltage will not cause current to flow
. through_the drain, assuming the drain is_positively biased .
with respect to the.source. Hence, during a memory operation
' to read the elapsed'time value stored in the time cell
' containing the FGFET, in a memory operation that is'similar'to
.a read operation of a non—volatile memory cell, a read
operation voltage at the control gate that is less than the
threshold voltage w1ll properly determine that the floatlng
gate is holding a suff1c1ently large amount of’ charge to
prevent: the FGFET from turning on during the read operatlon.'
. Over tlme, as the floating - gate loses its charge, -the
threshold voltage of the FGFET shifts s0- that it would require
less. and less control -gate voltage to turn on the transistor.
- At some p01nt, the read operation voltage will turn on the
tran31stor, whlch also 1nd1cates that the electrlc potentlal
~ of the: floatlng gate has been reduced to a partlcular value.
By knowing the discharge functlon of the floating gate, a read
operation on the time cell can determine‘whether or not a .
predetermined time ‘period has elapsed. After the
predetermined time period has elapsed, the floatlng gate can.
be considered to have reached a substantially discharged -
_ state. _ | _ o
With reference now to Figures 1L-1Q, spreadsheet, models
and graphs deplct the threshold voltage retention
characteristics of an n-type floatlng gate field effect
' transistor in a time cell in which the tunnel oxide has been
thinned.. | _
~ Typical widths for_tunneling oxides in FGFETs are

commonly 8 nm to 10 nm. .Figure 1L shows a set of parameters
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for a floatlng gate FET with a thln tunhel oxide of 65 . _
angstroms or 6. 5 nm. Figure 1M shows a graph of the threshold
voltage of a floatlng gate FET over a perlod of 15 months at’

two week, evenly .spaced intervals. As shown in Figure 1M, the

- threshold voltage not only drops over time but thé rate of

dhange-alSo.diminishes over time. In contrast to'the graphs -
shown in Figure 1H and Figure 1J, the threshold voltage shown
in~Figure 1M has dropped significantly within one month, or
2,592,000 seconds. ' In contrast to. the graph shown in Figure
~ 1F, the threshold voltage shown in Figure 1M drops |
51gn1f1cantly more qulckly
Flgure 1IN shows a set of parameters for a ‘floating gate
FET with a thin tunnel oxide of 65 angstroms or 6.5 nm, . and
Flgure 10 shows a graph of the threshold voltage of thlS.
floatlng gate FET over a perlod of 16 months. Figure ip shows
a set of parameters for a floating-'gate FET with a thln tunnel
_oxide of 60 angstroms or 6 nm, and Flgure IQ shows a- graph of
" the- threshold voltage of this floatlng gate FET over a perlod
' of 16 months. _ ' -
In both Figure 10 and F;gure 19, the number of seconds
along the x—-axis increases exponentially at each interval,
with one uneven.interval exactly placed at the one week '
" elapsed time interval. This'exponentially'increasing time .
axis provides a perspective'on the drop in threshold-voltage
over both short and long periods of time. As can be seen in
the graphs;_the floating_gates-whose decay'functions are shown
in Figure 10 and Figure lQ-do not retain their charges as well
as the floating gates whose decay functions are shown in
Figure 1H and Figure 1J. ' One can see that the threshold
-voltage begins to drop significantly-after about 18 hours in _
‘the graph in Figure 10 and after about 4 hours in the graph in
" Figure 1Q. .
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As can be seen in the.graphs, the floating gate can be .
constructed to lose 1ts charge relatlvely qulckly, and the
‘time period can be selected depending upon the’ appllcatlon for,=
which one desires to use a time cell as an horologlcal dev1ce.
. If the application requlres accurate’ resolutlon of a threshold
- voltage within a particular range of time, then the decay.or_
discharge function can be tuned to have a significant slope
through that time perlod and the time cell can be constructed
with the particular phy51cal dlmen51ons that are requlred.

For example, 1f_one desires to accurate measure a one week )
time period that is accurate to a few percent, i. e.'a few
hours, then ‘one would use a time cell with a charge storage
element that begins to lose significant charge in a manner '
similar to_that shown in Flgure 1Q. " Obviously, as is the case
with many electronic devices, significant effort may need to
be applied to each steoﬁduring the manufacture oflthe_device
in order to ensure that the time cells are created'with as
much prec151on as pOSSlble. - |

It should also be ricted that, 1n addltlon to manlpulatlng
the dlmen51ons of the tunneling region, -the operatlonal
characterlstlcs of the tlme cell over the elapsed time period
also depend on the time cell's initial condltlons. For
example, the 1n1t1al amount of charge stored in.the floatlng
gate sets its initial electrlc potential, and a larger amount:
of stored charge causes the floating'gate to have a higher
'initial electric potential. The threshold voltage of the
FGFET in the time cell will then start at a larger value,
which will allow the time cell to monitor a longer time period
and will raise the threshold voltage over the entire monitored
. time. period. ' ' '

This type of variability can be seen in the fact that the
threshold voltage curves in the graphs'shown.in Figure 1M,

Figure 10, and Figure 1Q could begin at different values. A
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larger amount of 1n1t1al charge 1n the floating gate causes. a
'hlgher initial threshold voltage.. As a- result, a hlgher
.1n1t1al threshold voltage causes a hlgher ‘threshold voltage
value at each tlme interval. From one perspectlve, the
”threshold voltage curve can be v1ewed as being shlfted
rightward as the 1n1t1al charge is lncreased, Hence, it is
also importantfthat the programming operation be performed in
a manner in which the floating gate.is initialized with an
‘appropriate -initial -amount of electrostatic charge, or
equivalently, in-.a manner in whichlthe threshold voltage
begins at an approprlate initial value. . _

"For any desired 1n1t1al starting condition for the time

cell, the floating gate may be programmed,for ‘variable lengths
" of time. For'example, to store more charge in the floating
' gate, the programming operation is performed for a longer
period of time. Different methods may be used to determihe
the specific length of programmlng time for a glven time cell
conflguratlon. ,

For example, the electrlc potentlals of a set of floatlng

" gates for a test set:of tlme_cells are measured immediately

after a set of programming operations on tEOSe time cells. By’
- varying the lengths of the programming operations, the. _
electric potentials of the floating gates will vary, and the.
measured electric potentials can be. correlated w1th a de31red
threshold voltage response curve. '

Preferably, the required length of programming time for
any-given time cell design or size May be found empirically by
charging a test set of time cells. Each time cell in the set.
" of time cells,would be charged for a different length of time.
Each time cell would then be monitored for its change in '
threshold voltage over a period of time, The initial
programming times may then be correlated with the threshold
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voltage decay respenses, and-this_information would be stored =

for later. use. .

0bv1ously, the physical properties of the tlme cell can

'not be’ changed after the time cell is manufactured. - A time
cell can be- manufactured to certain spec1f1catlons, however,.
w1th the assumptlon that its operational behav1or has been B
correctly modeled for those spec1f1catlons. The testing
procedures then determ;ne-the tolerances of the mannfactuped '
_ devices. With thisiempirical information, a time cell with
'particular dimensione or physical characteristics could be
employed to monitor a range of time periods that varies with
.its programming.operation. __‘ o
Data sheets or data books containing these types of
-empirical values or specifications are well-known in the
electronic arts. Assuming that the programming process or
prbgramming_devices are. also standardized for any'given type
of time'cell a manufacturer’ s data book can store programmlng

.tlmes and thelr correlated tlme perlods and tolerances so that

a user. may employ a glVen type of time cell for monltorlng a
,_de51red tlme period.

Other methods for determlnlng -the proper programmlng
parameters may be employed without affecting the scope of the
present invention. '

As previously described,. the two operational states of
the floating gate support binary logic. - The logic circuits
that include the time cell will have a convention as to which
operational state of the FET indicates a binary “1” or a
binary “0”. Under normal operation, a read operation on the

time cell provides a binary determination as to whether or not

the time cell contains a logical “17 or logicai 0", Using a
time cell that has been designed. to reduce.the threshold

- 'voltage of its transistor to a predetermined value within a -
predetermined period of time after it has been progranmed, a
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read. operation can determine whether or not the predetermined ~
' period of time has passed. After the predetermined period of
-;ime_has passed, the:electrosﬁatic'charge is the time ceil_has
been subetantially-discharged,'and the time cell no longer
-usefully measures the passage'of'time and only indiéates that
.a.particular measure of time has passed.' Continuing  with the
example concerning binary logic, it can be assumed that a
programmed'time cell represents a logical-“1”. After a
‘particular time cell is programmed, a read operation on the _1
programmed time cell.retﬁrns a logical “i”ﬂ After its
predetermined time period hes-passed, the time oeli will haﬁe
'lost'its charge, and the time cell will no londer appear to be
programmed, after which a read operation on the time cell '
returns a'logioal'“Oﬁ. Heﬁce,'the expiration of the time
period-for a programmed time ceil can be determined to have.

~ passed when a read operation on the time cell returns a -
_1ogicél “0”. More simply, a tlme cell “has’ expired” if 1t
contains e loglcal “0” at some p01nt after it has been.
programmed . The’ blnary determlnatlon of whether or not the
..tlme cell has expired prov1des a basis for calllng this type
of time cell a “binary tlme cell”. The- explanatlon of an .

“analog time cell” will be described further below with

" respect to another embodlment of the present invention.

_ It shouLd be noted that a read operatlon on a transistor
~in a binary time ce€ll may occur during a period of time in'
which the read operation could produce an indeterminate result’
if not properly considered and. approprlately compensated. If
a read operatlon is performed when the current threshold
Voltage of the transistor has almost-reached its predetermined'
vaiue, i.e. when a read operation would almost cause the
transistor to turn on, then an indeterminate result could be
produced. 1Inh order to compensate, appropriate circuitry may
be built into the time cell in order to ensure that a-
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determinate result is produced, thereby producing a logical'w
“l"'or-“Q" as an output oniy when the predetermined time
period of the binary time cell has passed. Thie_type of
compensation should only contribute.an insignificant amount of
iﬁprecision into the monitored time period. |

Whlle the prev1ous description of the present invention
‘focused on’ thlnnlng the insulating region between the floating
gate and the channel of the FGFET, i.e. the tuhneling oxide,
it should be noted that the desired tunneling effeet could be
'accomplished in other'regiohs.of a time cell’depending upon.
'the'structures and elemente within the time cell, their L
physical characteristics, geometries, etc; In other wordek
while considering'other requirements and conditions, it might '
. be desirable that the dlscharge process occurs within a
different region of the tlme cell.

For example, a partlcular type of non—volatlle memory
"cell that forms the basis for the time cell may contain an.
erase gate or other element not shown in Flgure 1A, and to . _
'malntaln good operatlonal characterlstlcs, it is decided that
- the thickness of the 1nsulat1ng layer between the floatlng _
gate and the channel should remaln greater than 8 nm, whlch
does not provide a de51red discharge rate for the floatlng ‘
'gate. In fact, for a desired time measurement period of 6
months, the tunneling effect through this insulating layer is
“almost negligible. However, it may be possible to achieve the
desired discharging rate by allowing tunneling through a
thlnned insulating material between the floating gate and
"another region within theé cell'where this other region does
not have similar operational restrictions.' _Alternatively,
based on fabrication or other considerations, it might be
desirable to continue using a typical thickness for the
insulating layer between the-floating gate and the_channel.-

However, ‘a special element, structure, or region could adjoin



. the floatlng gate such that a majorlty of the tunnellng effect_

occurs through this special dedicated reglon, termed a
" “dominant tunneling region”. In this case, extra processing
"-or precision could be focused-on controlling the- fabrication
-of the domlnant tunneling reglon so that its operatlonal
'characterlstlcs, i.e. its dlscharge rate, closely approxrmates
_its model behavior. )
A time cell that is used for this embodiment of the
' present invention may comprlse an erasing element, such as an
erase gate, that allows the time cell to be erased, as is well
known in the art. When the time cell is erased at any point
in time after the charge storage element has been programmed,
the charge storage element is burged of most or -all of its_
' ‘retained electrostatlc charge. Erasure is. generally ‘performed
by applylng an electrlc fleld that is OppOSlte to the electric
. field used to program the charge storage element. '

An erasing element provides the advantage of allow1ng -

repeated use of: the time cell as an horologlcal -device. fter'

' the time cell has been erased, it may be reprogrammed, thereby
allowing another tlme period- measurement.

However, an erase element has dlsadvantages. After the

" time cell has been erased, it might be 1mposslble to determine

! difference between a low electric potential in the charge
storage element caused by leaking over a prolonged period or
by erasing. Hence, the use of an erasing element introduces .
an-administrative burden of tracking or determining whether
the charge storage_element has significantly leaked its charge
or whether it has merely been erased. Additionally, repeated
use of thé time cell can change its operatlonal
characteristics. Multiple programming-erase cycles may change
the leak rate of the charge storage element, thereby causing
inaccuracies in the manner in which a time period is
determined.
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One advantage, though is.that the presence of an: era51ng
element allows the tlme cell to-be used for a wider variety of:
._horologlcal appllcatlons. However, these advantages and -
dlsadvantages should be welghed in maklng a dec151on to
. 1ncorporate an erasing element into the . time cell.

-. It is noted that thls embodlment of the present lnventlon
relies upon varlous structures, programmlng operations,.
_readlng operations, and era51ng operatlons of non—volatlle
- memory cells comprlslng charge storage elements that were
_known:-and well-established in the prlor art.. However, the
prior art did not teach the use of a nonfvolatlle memory cell
as an horological device. Mbreover, in'the prior art, charge
leakage from the charge storage elements in non—volatlle
- memory cells was viewed as a detrlmental nulsance, and 1f
' anythlng, the prior art taught that charge leakage ‘should be ,
avoided and potentlally eliminated. The present 1nventlon
makes the novel observatlon that the charge leakage rate can =
-be selected in a manner that allows it to be useful. U51ng
thls n0vel observatlon, the charge storage element in a
'Nnon—volatlle memory cell can be engineered as an horological
-device that allows measurements. of its operation such that
elapsed time periods can‘be determined. specifically in this
-embodlment, as discussed. above, the geometry and phy51cal
propertles of the 1nsulat1ng medium through which the retalned-

electric charge leaks is.selected 1n a manner which controls
. the leak.rate.

Differénces between the present invention and prior art
‘devices that store electrostatic charge -

' The present. 1nvent10n has been described as an
electrostatic hourglass, which provides a broad overview of
‘the present invention, and the present invention has also been
fdescribed in one_embodiment in which a non—volatile memory .
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: ceil is used as an horological device, thereby providing one
example of the present invention. At this point, in llght of
the above descriptions of the present 1nventlon, it is
appropraate to draw distinctions between the present invention
' &and some prior art devices that use electrdstatic charge in
order to emphasize the novelty-of the present invention.

There have. been many prlor art devices for usrng and
a studylng electrostatic charge, some of Wthh are only of-
. hlstqucal interest. - For example, a Leyden jar is an early’
form of_capacitor or Qelectric condenser” which. is formed by
‘coating the inside and outside cf a glass jar with a layer of
| “metal, such as aluminum f01l or tlnf01l, although early
-ver51ons contalned gold leaves or a water solutlon in the
interior. A brass rodgpunctures an'insulating stopper of the
" jar, and the brasa rod is$ connected to the inside layer of -
metal by a chain. An electrostatlc charge can be stored in
the. ]ar by brlnglng the brass rod in contact with an _
electrical dev1ce, and an’ electric discharge. occurs when the
two layers of metal -are connected with each other by a.
conductor.’ _ _ '

Another electrostatic instrument is the electroscope,
which detecte-electric charge by means of the mechanical
. forces exerted between electrically charged bodies within the
1nstrument._ In one version similar-to the. Leyden ]ar, two
strips of gold leaf are suspended from a metal rod that
punctures an insulating.stopper of a glass jar-that is'coated
: with metal. When the electroscope is charged, the gold etrips
spread apart as the electric charge in the strips causes the
strips to repel_each other, and the angle between the strips
is proportidnal to the received charge. Various types of
modern electroscopes are presently used as 1nstruments for
measuring electrostatic charge.
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: Mbdern—day.capacitors'are_a class of electrostatic
storage devices for which the prior art recognizes that the .
action of’ dlscharglng electrostatic charge is a temporally
meaningful process.. Slmple capac1tors usually consist of two:
'plates made of ‘an electrlcally conducting materlal, e.g.,

. metal, separated by a nqn-condnctlng material- (dielectric),
e.g., air, ceramic, glass, etc. TIf an electric potential is
applled to the capac1tor plates, the plates become '
capa01t1vely charged, one p051t1vely and one negatlvely If-
the externally applied voltage is then removed from the _
capaCLtor s conductlve contacts, the capac1tor plates remain
charged, and the electric charge maintains an electrlc
potential between the two plates. The ability of the device
for storing electric. charge (capac1tance) can be increased by
1ncrea51ng the area of the: plates, by decrea51ng their

- .separation, or by varying the- substance used as the
dielectric. .

' A.capac1tor can store energy,. and a resistor placed in
series with the capacitor will control the raté at .which it i
charges or .discharges, which produces a characterlstlc time
_ dependence that can be modeled by an exponential function.
:The-crucial'parameter that describes the time dependence is
the “time constant” RC. The time constant or RC product of a
series circuit determines the speed at which the voltage
across a capacitor can'change. In industry, gircuits
combining resistors andlcapacitors'are impoéortant because they
can be used in timing'circuits,_signal generators, electrical
signal shaping and filtering, and a variety of electronic '
equipment. However, the discharge times of a capacitor are
generally very short, usually on the order of milliseconds but
possibly.a few hours, even when very large capacitors are

combined with very large resistances or impedances.
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In order to charge or discharge the ‘prior art dévices
noted above, they generally requlre conductive contact between
the device and another materlal. For example, an electroscope
or a capacitor can be capac1t1ve1y charged by approachlng 1t
! w1th a second electrlcally charged object thereby inducing a
separatlon of charge within the electroscope or the capacitor
through open air or free space. However, the electroscope or
.the capacitor requires conductive contact with another
material in order to permanently displace an amount of
electric charge within the electroscope or the capacitor w1th
the repulsive force of the approachlng object.

The charglng process of the charge storage element of the'
present invention differs from the charglng process of an
electroscope or a capac1tor. In the present-invention, the
electric.chargeiis transported'through the'insulating'medium_-
into the internal'medium of the charge storage element without
conductlve contact. The 1nsulat1ng medium acts as a .
31gn1flcant barrier to a change in the amount of charge stored :
11n the 1nternal medium durlng both rece1v1ng and dlscharglng -
processes, thereby protectlng ‘the . amount of chargé in the
* internal medium w1thout being a complete barrier. No.
conductlve contact w1th the internal medium 1s regulred.

By cau51ng rapld dlscharge through free space, open air,
or non-conductlve materlals, a charged electroscope or a
charged capacitor can be dlscharged without conductive contact
with another material. In that case, the electric discharge
is usually created by narrowing the gap between the charged
object and another object such that the electric potential -
between the two .objects becomes very great, at which point the
electric charge jumps the gap or the insulating material
experiences dielectric breakdown:

In one minor _perspective, the above- described

electroscope or capacitor and the present invention may both
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control electric disoharge_by'varying_a dimension of the
insulating medium, such as its width. However, in the prior
art, the stored electrostatic charge'was.usually either
studied for indirect effects on other devices or regarded as
an energy store to be used to perform some type of meanlngful
work. The prior art does not recognize that the stored
electrostatic charge may be used as a timekeeping substance,
as described above in the analogy between an hourglass and the
present invention, which can be understood as an electrostatlc
hourglass. o . . _

Moreover, the prior art:does notfrecognize that the. _
discharge.process itself is temporally meaningful for most -
electrostatic'storage deyices. In the'case of the Capacitorf
in which the prior art does recognlze that its dlscharge rate
is temporally meanlngful the capac1tor is not entlrely
-insulated and only .operates through the use of conductrve
cOntacts. Mbreover,-an horologically practical application
'1nvolv1ng a capacitor is only useful because the dlscharge o
process then powers, other electrlcal or electronlc components
with which it has a conductive contact. 'In fact, capa01tors _
are usually employed in a manner which cycles the charglng and
discharging processes in order to achieve some- type of .

. electrical time base. Usually called a relaxatlon osc1llator
or a relaxation generator, a fundamental frequency can be
generated by the tlme of charging or discharging a capac1tor
or coil through a re51stor. Hence, capacitors require a
_contlnuous power source as they dlSSlpate relatlvely large
amounts of energy for any horological application, which
presents a motivating factor for the: present_lnventlon in
which the power source can be eliminated while the electronic
‘horological device continues measuring time.

' In contrast to a capac1tor, the present invention relles
upon a discharge process- whereln an electrostatlc charge is’
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" discharged from an insulated charge storage element over a
period of time in such a ‘manner as to allow one to use the
discharge process 1tself as a temporally meanlngful process.
The manner in whlch_the present invention accomplishes tlme.

measurement also allows for common, daily activities over

potentially_long;periodsuof time.

Insulated charge .storage element as horological'device _

With reference now to Eignré_zk,_a block diagram depicts
an insulated charge storage element usable as an horological .
dev1ce in accordance with an embodlment of the present B
invention. System 2oq provides supportlng elements,
structures, or devices necessary for initializing the
horological device at the beglnnlng of a measured time perlod
‘and for determlnlng -an elapsed tlme perlod since the .
initialization.

Programmlng unlt 202 draws electrlcal power from
electrical power supply A 204 for its operatlon._ Programming
‘unit 202 receives- programmlng request signal 206, . which
'1nstructs programming unit 202 to 1n1t1allze the charge
storage element, after which charge generator 208 uses charge
process 210 to dlrect or inject electric charge 1nto the '
-1nsu1at1ng medium of the charge storage element. _

As noted previously{ a variety. of programming_mechanisms
and programming times for charging'the charge .store element
nay be used in the present invention, wherein the choice will
he dependent on several factors, such as the size and
: composition'of the insulating medium, the geometr§ of the
| charge storage element, etc. For example, if ‘the charge
storage element is implemented as a floating gate within an
FGFET; then the charge proceSs_may be implemented via channel
hot electron injectlon. For other transistor configurations:

containing a charge storage element, other charge injection,




| mechanisms may be-appropriate. If an entirely different
"~ implementation comprises-a charge -storage element that is notf
.contained within a transistor,-then the programming.mechanism
may comprise an- entirely different charge process, such as an. .
electron beam or a laser beam capable of ionizing the'internal_
medlum, particularly if the 1nsulat1ng medium of the charge
storage element comprlses free space. _
' Programmlng unit 202 may provide an optional status

) 51gnal 212 that 1nd1cates to the programmlng’requester whether
or not the programming operation-was successful. In this
| manner, programmlng unit 202 may be operated in a synchronous
manner. Alternatlvely, programmlng unit may operate
'asynchronously by generatlng a status 51gnal only during error
detection. ‘A variety of mechanisms for communlcatlng with the
programming unit should be apparent to one of ordinary skill
in the art..a ' | '

The lnsulatlng medlum of the charge storage element &oes

o not present a complete barrier to charge. Internal medlum 224

of charge storage element 222 receives the electric charge
' through.insulatingfmediUm 220, thereby giving charge storage
element 222.an initial electric potential.with respect to
other components in system 200. The electrostatic charge’
stored in -the internal medium:immediately begins to be
discharged through‘insulating medium 220 by electrbstatlc
discharge process 226. - |

Tlme detection unit 230 draws electrical power from
electrlcal power”supply B 232 for its operation.
Alternatively, a_single electrical power supply could provide
all necessary electrical power to system 200.

At some given point in time after charge storage- element
222 has beén programmed, time detection unit 220 receives time

measurement request signal 234. Electrostatic detector 236




44

within'time detection unit 230 determines, either direCtly or
1nd1rectly, a value for the remaining electric potentlal of
charge storage element 222 through electrlc field 228, which
~ is then converted to an elapsed time value or indication by’
potential-to- ~time converter 238. 'Elapsed time siéhél 240 is
-then sent to the device that requested an observation of the
charge storage element. The elapsed time indication may haye
_a variety of forms, such as a timestamp, a data value.
E'epecifying the elapsed time as a number cf‘time'unicsj or a
binary indicatioh.specifyihg,whether or hot the elapsed time
is greater than a predetermined'time period.

Syétem 200 mey be'implemented as multiple devices. The

programmiﬁg unit may be-phyeicellyscoupled to-a device _.
" containing the.charge storage element during its brogramming o
operation, after which the programming unit is deccupled.' at
some -later point in time, the ti@e measurement unit may be
physically coupled tc the device containing the charge storage
element durlng 1ts elapsed time’ determlnatlon, after- Wthh the
time measurement unlt is decoupled. This multl—dev;ce, '
. multi-operation environment may occiir in an application in
which the.charge etdrege element is present'in a portable
idevice, such as a simple, externally powered, smart card
PCMCIA card, or other phy51cal token or article of
manufacture. As noted prev1ously, however, the horologlcal
device of the present invention may be implementeéd.in a
variety of forms depending upon its application, such as-a
product in which the horologic¢al device is embedded.

With reference now to Figures ZB-ZC,Iflowcharts depict
simple processes that may be performed within a computer or
electronic device that uses an horological device in
accordance with the present invention. The processes depicted

in Figures 2B-2C may be performed by computer-liké hardware or:

software within a data processing system. In Figure 2B, the
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.prooeSSifor initializing the charge storage element begine by =~ .
sending a programming.request'to'the.programming unit (etep'
-252) . Optionally, after the programming process is completed, -
a status signal 1s then received from the programmlng unit
(step 254) The - process is then complete, and the requestlng
loglc may perform ‘other actions. '

In Flgure 2C, the process for obtaining a value or

observatlon of an elapsed tlme period beglns by sending a time

measurement request to the tlme detectlon unit (stép 262) An
elapsed time value is then recelved from the time detectlon |
un1t {step 264) The process is then complete, and the
'requestlng loglc may perform other actlons. Various methods-
for -sending and rece1v1ng data from' the programming unit and
"time detection unit should be apparent to one of ordlnary ' _
sklll in the art. For example, the.programmlng request and
.thé time measurement request may be sent through'a simple
memory Write command:if'the'units are memory addressable,

One or more sets of binary time cells employable as an
horological device ” S '
_ A third embodiment of the present invention extends the
first embodiment by employing a set of time cells .as an
horological'device-rather than a single time cell In the
first embodimernt, a read operation is performed on-'a time cell
that has been de51gned to reduce the threshold voltage of its
transistoér to a predetermined value within a predetermined
period of time after it has been programmed, and the read
operation can determine from the current state of the time
cell whether or not the predetermlned perlod of time has .
- passed. N .

In the third embodiment, a eet of read operations are
performed on a set of time cells in which each time eell in
the set has been designed to reduce the threshold voltage of
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its transistor to a predetermined value ‘within a predetermined
period of timé after it has been programmed In other words,
each time cell 1n the set of time cells possesses a different
discharge functlon from the other time cells in the set. Each
time cell in the set deeays dlfferently.over a dlfferent time
.period from the'othef time célls."The amount of retained .
electrostatié charge in the charge storage element of each
time cell is.observedaby pefformipg a read operation on.each
of the time cells to determine whether the associated time
period for each time cell has elapsed. The read operation can
determine from the current state of the time cell whether or.
not the predetermined period of time for each time’ cell has
passed, thereby prov1d1ng granularlty for multlple t1me
periods. - ' . . -
In-a device in which each time .cell coﬁtains_a floating
. gate FET,..the thickness of the tunneling oxide in each FGFET
can be unique- among7the set of time cells. Each time celi
will then experience .a unlque profile of. electron tunnellng,
- giving each floatlng gate a different charge decay functlon.
As the retained charge of,each-floatlng gate diminishes, the
‘threshold voltage of each FGFET will diminish at unique rates.
It should be noted that it is not necessary for each time"
pell to be constructed in the same manner. For example, the
transisﬁors in each time cell in the set of time cells may be
different types of transistors. Moreover, if the transistors
in the set of memory cells ‘are the same tybe of transistor, ’
the tunneling.regions in each ﬁransistor may differ. '
-Aiternatively, each time cell may comprise a different type of
Cha;ge storage eleﬁent other than a transistor. .
The discharge functions across a set of time cells mayl.
also differ because of varying initial conditions in each time
cell. For example, a set of identical time cells may be
programmed for different lengths of time, thereby providing




~.each_ of the time cells. with a different initial amount of
charge and. a different ability'to measure'shorter or longer

: tlme perlods, ‘although- each type of time cell may be - '
constructed differently and also have different programmlng

- periods. Contlnulng ‘this example, in a dev1ce in which each
'time'cell in a set of time‘cells contains a substantially
identical floating gate FET, ‘the programming period for each
FGFET can be unique among the set of time cells. -Each time
cell will then experience a unique profile of electron
tunnellng, giving each .floating gate a dlfferent charge decay
functlon. As the retained charge of each floatlng gate
diminishes, the ‘threshold voltage .of each FGFET will diminish
" in a unique fashlon. ' ' '

It .should be noted that the concept of multlple dlscharge
functions couldalso be applied to the second embodiment of
the present invention discussed above. For example, multlple
:lnsulated charge storage elements- could be charged and
- dlscharged in dlfferent manners.

' Wlth reference now to Figure 32, a ‘block dlagram deprcts

a set of. time cells in accordance wlth the thlrd embodiment of'f
the present invention. Eiguresah shows a set of sixteen_time _
cells 301-316 that are constructed so that each time cell
.measures a unique period'of.time. Eor example, theltime cells
may be constructed in the manner described above with respect -
to non-volatile memory cells with varylng tunnel reglons or
programming periods.

. The time cells can be arranged as M X' N arrays of
different sizes, and the time cell array may be constructed in
. accordance with a variety of well-known memory architectures.
As described above, the read operation for a time cell is
similar to the read operation for a non-volatile memory cell,
and operation of the time cell array may be very similar to
the operation of a non—volatile memory.  So, for example, the
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time cells may be arranged'sﬁch that the time cells operate in
 byte-like units in which eight_time_cells are initialized or
.read in a single operation. The depicted or described time

" .cell array should not be intérpreted -as limiting the present

"~ invention 1n the manner in which: multiple tlme cells may be

: arranged ‘ ' '

.As discussed previously, the specific.geometric,
dimensional, or physical-characteristics of each individual R
time celi are selected when the device is manufactured
However, the time perlod measured by any. glven tlme cell may
be adjusted w1th1n specific ranges, by storlng varying amount
of electrostatlc charge in the time cell. _

Tlme:cell interface unit 320 provides the neeessary;_
simple circuitry for addressing time celis'301-316 Time cell‘
interface unit 320 responds to signals from programming
request process;ng unit 322 thatzlndlcate that one or more -
time cells are to be initialized. Programming'request_ .
. processing unit 322_responds to initialization requests 324
from other~dompdnents in a data processing systeﬁ. '

Time cell interface unit 320 and time cells 301-316'mays'
-reside in a physically separable object, such as a pertable
.dev1ce like as a simple, externally powered, smart card. | In
. that case, tlme cell interface unit 320 obtalns electrlclty
for performlng initialization or read operatlons from the
device to which it interfaces for initialization operations or
read operations. ' ' - '

_ Time cell interface unit 320'also-responds'to signals
from time detection unit 326 that reqﬁest=the time indicatiens
of time cells 301-316. Time detection unit 326.may reside on
“a device that is physically separable from programming request
processing unit.322. One or more read operations can |

determine frem the current state of-the'time ceils whether or
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not'predetermined time periods have passed;'thereby providing
'granularlty for multlple time perlods. '

As- noted prev1ously, the time perlod for a programmed
time- cell can .be determlned to have explred when a read _
operatlon on the time cell returns a logical “0”, or more
51mply, a “tlme cell has explred” if it contains a logical “0” .
at some p01nt ‘after it has been programmed. In the example
"shown in Flgure 3A, all of the sixteen tlme cells. can be read
in a single time detection operation, thereby produc1ng :
sixteen- bits'of time.informationi Hence, a 16-bit blnary
value is able to represent the entlre contents of the time
cell array, and as explalned below, the resulting 1l6-bit
-string can represent an elapsed timefperiod since the
initialization or the programming of-the;timé_ceil array. The
~ temporal resolution provided hy the 16;hit value is dependent
upon the-time-periods that are measurable by the time cell
array. o . . ” ' o

' Referrlng agaln to the example time cell array shown in
F;gure SA, it may be assumed that the tlme cell lnterface unlt.
returns logical zeroes for explred time cells, and it may also
be assumed that the time cell array is read such that the .
least significant time bit represents the time cell w1th the
shortest time period. A bit strlng of OxXFFFF (hexadecimal |
format) represents that it'has_been less than one week since
the time cell array was initialized; as an erample in which
the.device has an-aecuracy of + 1%, time cell 301-can measure
a one week time period within a range of plus or minus two
hours. A bit string of 0xXF800 represents that it has been
somewhere hetween'S and é'months since the time cell array was
initialized; as an example in which the device has an accuracy
“of * 1%, time cell 312 can measure a six month time perlod

within a .range of plus or minus two days. A bit string of
0x0000 represents that it -has been over 18 months since the
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tlme cell array was 1n1t1allzed, as an example in which the .
dev1ce has an accuracy of * 1%, time cell 316 can ‘measure an .
eighteen month time period within a range of plus or minus six
days. o L ' . |
 Time detectlon unlt 326 may receive requests and return '
time indications in a variety of manners. For example, a time
_request may consist of a query command that contains a time

" value, which the time detection unlt_lnterprets as a reqqest-
for a determination of whether or not the elapsed time period
for the tlme cell array is greater than the time value in the
.query ¢ommand. If so, the time detection unit- returns a
booclean value of &true", and if not, then the time detectlon
unit returns a- bbolean value df “false”. MAlternatively, the
time detection unit can return the blt strlng that is recelved
- from the time cell 1nterface uhit' if the component’ that - '
generated ‘the request has knowledge of the tlme perlods
'represented by the time cell array. '

| .- In another alternatlve, the time detection unit can
return a blnary ‘value that represents the minimum, verifiable.
number- of seconds that have elapsed since the 1n1t1allzatlon
of the time cell array. For example, if the time cell array
contains a current bit string of_OxFSQO,_then-the'tiﬁe cell
array was initialized somewhere betWeen 5 and 6 months ago;
the time detection unit couldithen_return a 32-bit binary
value of 0x00C5C100, which is equal-to a decimal value of
12,960,000, which is the number of seconds in five months at
an average of 30 days per month,-thereby returning.a value
that shows that the time cell array has measured an elapsed
time period of at least five months. Many operating systems
contain system galls which support the computation of time
perieds .in units of seconds or less, so the original requester
"may actually desire to have the elapsed time returned in this

form for ease of use.
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The described time period representations should not be
interpreted as limiting the present.invention in the manner in’
which elapsed time periods may be reported.

.An_initialigation request;or programming'request may
initiate'both.anfinitialization operatlon for a newly
manufactured time cell array and also an erase operation that
effectlvely initializes all of’ the time cells in the time cell
array or a subset of cells in the time cell array
“Alternatlvely, the programmlng request processing unit may
accept separate erase or reset requests. Although, in
general. all of the time cells wlthin the time cell-array
would be. 1n1t1allzed at the same -time, it is possible to )
d1v1de the time- cell array lnto subsets of time-cells sao that
multlple elapsed t1me periods are belng measured. '

Wlth reference now to F;gure SB, a block’ dlagram deplcts
an array of time cells diwvided into sets of tlme cells in
accordance with an embodlment of the present 1nventlon.

Flgure '3B shows a set of 51xteen time cells 51mllar-to those:'
shown - in Figure 3A. Time cell interface unit 330 provides the
necessary, simple circuitry for addressing tlme cells 331-346.

The time .cells can be arranged.as M x N arrays of
different sizes. For example, one could divide a time cell
‘array contalnlng 51xteen time cells into four sets of four
© time cells, and the four sets could be constructed such that _
each set measured different periods of time. .

In the example shown in Figure 3B, time cells 331-334
form a single set in which the set collectively measures a
four-week time period in one~week -increments. Time cells
335-338 also form a set of time cells in which the set '
‘measures a four-week time period in one-week increments. Time
cells 339-342 and time cells 343-346 form two sets in which
each set collectively measures an eight-month time period in
two-month.increments.
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Each set. of four t1me cells may be initialized by
dlfferent data proce351ng systems for different purposes at
dlfferent starting tlmes The tlme cell array may monltor‘a
_max1mum of four different time periods, or four dlfferent i
“time sets”, whereas, 1n general, the max1mum number. of tlme '
sets would depend on the number of time. cells in the tlme cell
array and the manner in which the time cells -are constructed
to measure different time periods. For this type of
'functlonallty, timé cell- interface unit. 330 may have " ‘other
non—volatlle memory cells, such as time set- 1dent1f1er unit _'
348, -for storlng use indicators that show whether a partlcular'
.tlme set. is already in use and for storing information that
-1dent1f1es.the data processing systen that “owns” a partlcular
time set. T o

Tlmestamps may also be assoc1at1vely stored in the
non—volatlle memory cells in the’ time set identifier unit so

that a sen51ng dev1ce may read the time at Wthh the tlme set
'.was 1n1t1allzed or .initiated. The time set 1dent1f1er unit.
may also- supply information to the programming request '
processing unit concerning the time sets available for -
'request. S - ' .

With reference now to Figure 3c, a block diagram depicts
an array of time cells for measurlng multiple time periods in’
accordance w1th an embodlment of the present invention.

Figure 3C shows a set of sixteen time cells similar to those

. shown in Figure 3A. Time cell 1nterface unit 350 provides the
necessary circuitry ‘for addressrng tlme cells 351-366. 1In
this example, all of the time cells have identical associated
time periods, and a device that-contains the time cell array

~ may monitor sixteen concurrently*running time periods with
different starting times. Again, it should be noted that the
time periods associated with a time cell may be set through
the construction of the time cell, which gives the time cell
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its partlcular phy51cal characterlstlcs, or through the.

. programming period for the- time. cell, which.gives- the tlme

cell its electrostatic charge that serves as an initial

,conditidn for the time cell’s discharge'functioh.

. Time set identifier unit 368 may store: use.indicatoreh
that show.whether a particuiar time cell is already in use;

‘ identification information of the data processing systemzthat

Towns” a particular time cell; a timestamp associated with the

time cell indicating the time. at which the time cell’s elapsed

time period was initiated; and any other information which may

be pertinent to the.ope:ation Qf'a time cell array and its '

use: o : -

The time cell array ehown in Figure 3C may also be used
in'the'following manner. The time set idehtifier'unit may set
aside time cells 351-354 to menitor'a singie six-menth time _‘
perlod for a 31ngle requested time’ perlod or time set. Rather
than using a 51ngle tlme cell for a requested tlme perlod
multlple time cells are. used. When a time request is
_.recelved, ‘the readings from time cells’ 351~ 354 are
statlstlcally comblned to form a determlnatlon as te whether
the time perlod has elapsed For example, a 51x—month time
‘period is not determlned to have elapsed untll there ‘are at
least two expired tlme cells. In this manner, the tlme cells
may be viewed as prov1d1ng a type of redundancy or
error-checking in their elapsed time measuring capabllltles.
Of. course, the' number of time cells that are used as a .

. redundant set and the number of time cells that are required
for a positive determination of an elapsed time may vary.

' The redundant use of time cells may also be used in more
complex ways. Referring again to Figure 3B, time'eeIIS'
335-338 may act as a backup set or error-checking set to time -
‘cells 331-338. Each of these sets of time celle_cah measufe a

four~week time period in one-week increments, so the time set
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1dent1f1er unit may requlre that each set of time cells show a
ninimum elapsed time period before that tlme period is
confirmed. For-example, assuming again that the- time cell
array is read such that the least 51gn1f1cant time bit
represents the tlme cell with the shortest time’ perlod, the
_time set 1dent1f1er unit might require a reading of 0xC from
each set of time cells before positively reporting that a
two-week time‘period ha's -elapsed since.the-tmo set of time -
cells were initialized or programmed. . . '
.With'reference now to Figure 3D, a_graphical-depictibn'is
o prQVided for a smart card that may be used in conjunction with
the present invention. Smart card 370 ineludes input control
. buttons 374, and electronlc dlsplay 376. Buttons 374 may be-
used by a purchaser or owner of the smart card for inputting
and selecting specific functlons provided by an appllcatlon
operating on the smart-card. _ o | ' ”

Dlsplay 376 . presents lnformatlon to the user of the smart
'card generated by appllcatlons ‘within the smart card, p0551bly
in conjunctlon with a device or data proce551ng system to
whlch the smart card is coupled or in which the smart card.is
1nserted Alternatively, smart card 370 does not haﬁe'a
display, but a user may operate a reader device that couples
to the smart card and interacts with the smart card, ‘and the
user can v1ew optlonal functlons and selections on the display
of the reader device. In either case, .a user can be provided
with téxtual and/or graphical indicators on the display of a
device that indicate the status of one or more.time cells on
'the~physical token’ containing the time cells.

With reference now to Figure SE, a block-diagram depicts
the hardware components within a smart card that may be used
in conjunctlon with a time cell array of the present
invention. - Smart card 380 shows_the typlcal internal hardware

~ -components of a smart card, such as smart card 370 shown in
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Fiéure 3D. Smart card 380 contains a CPU 381 that provides .
processing.capabiiities to various applications located on | .
:.smart card.éSO. Memory 382 prov1des temporary storage for. the
loading and_processlng of data. Non—volatlle memory 383
provides permaheht storage'for applications and thelr related
,databases. Display adapter 384 generates'presentation data to
be shown on dlsplay 385. Button control unit 386 reads and'
processes user selectlons of buttons on the phy51cal 1nterface
of smart card 380. I/O_anterface unit 387 allows smart card
380 to interface with varioae card readers;.5canners, modeﬁs,
-or'other cdmpﬁter or network-related items. o B
' Button control unit- 386 allows a user to. 1nput varlous
selectlons and data to appllcatlons on smart card 380.
Additional input devices may be included with or interfaced to
sﬁart card 380. Display 385 may be phy51cally 1ntegrated w1th
smart card 380, although other display units .may be connected

to smart'cardiseo Non—volatlle memory 383 may 1nclude a

. variety of storage devices and capabilities, such as read—only .

mendry, -flash ROM, or an IBM MicroDrive, a product of
International-BuSiness.Machines Corporation, located in
Armonk, New York. Smart card 380 may also include a Java
Virtual Machine capable of runnlng Java appllcatlons ‘and
.applets. Those of ordinary skill of the’ art will apprec1ate
that the hardware in Figure 3E may vary dependlng on various
implementation cohsiderations. For example, it should be
noted that the electronics within smart card 380 may be
implemented on a single chip. In additioen, other types of .
. physical tokens could be used in place of a smart card, such
as a PCMCIA card, flash memory cards, and various types'of
articles of manufacture. _ '

Smart card 370 or smart card 380 also contains a

batteryless, oscillatorless horologlcal device in accordance
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with the present invention. Time cell array 388 is controiled'
by time“cell interface unit 389 for measuring time periods'in.
a manner 51m11ar to oneé or more methods that were described
above w1th respect to E;gures 3A-3C. Alternatlvely,_the smart -
card may contain-a single time cell: The.complexity of the -
timekeeping requirements'for the smart card applications may
determine the type.of time cell conflguratlon for one or more .
'appllcatlon—spec1f1c purposes. ' o
‘Smart card 380 may be: coupled to a device which contains’
a programmlng request proce531ng unit.and a time detection
©unit, or smart card 380 may be coupled to separate devices at
dlfferent times. _ ‘
With reference now to F;gure 3F, a block dlagram deplcts_
a relatlonshlp between a programming device, a sensing: device,
and an horological device in accordance'with an embodiment of
the'present invention. The horological device. contains'one'or
more time cells 51mllar to that descrlbed above w1th respect '
to Flgures 3a-3c. - ' _ _ '
System 390 ‘shows initializing deyice 391 connected to-
"batteryless, oscillatorless, electronic smart card device 392,
which in turn is connected to readiné.device 393. While it is
possible that all of these devices are~located'within the same
system, dependlng upon ‘the appllcatlon, each of these devices
may be phy51cally located within a different system,’ product
component, or other device, all of whlch may be networked
together in some manner. For. example, the batteryless smart
card may be: initialized by -an issuing 1nst1tutlon using
initializing device 391. A consumer may carry the smart card
while it.is,monitoring an elapsed time period and_then may-
present_the smart card to a merchant. A merchant(s.data

- processing system that contains reading device 393 may then
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determlne the_smart card’s elapsed-time period for a wvariety. .
. of business reasons. ' S ' o
Much of the programming device circuitry and reading.
dev1ce clrcultry may be 1mplemented on smart card 392.
However, additional c1rcu1try adds to the cost of manufacture
of the smart card and there may be other commerc1al
considerations. Although the smart card. may contaln this
.addltlonal c1rcu1try, it should be understood that the time
.cell is still directed to powerless or batteryless operation. “
For example, the smart card could contaln a programming or VR
.initializing c1rcu1t, one or more time cells, and a readlng or
‘'sensing c1rcu1t, 4in which case the programmlng and sensing
circuits draw electr1c1ty from a power source external to the
smart card _ _ |
Inltlallzlng dev1ce 391 contalns programmlng unlt 394
which recelves programmlng commands and sends’ status about’ the
. programming operatlons (not.shown) Programmlng unit. 394
- controls the programming operation .of tlme cells 395. Once
.thenprogramming operation.is complete,_the time'ceil
discharges its stored charge over time. .
. At a subsequent point in time, smart card 392 is coupled

to reading device 393, in which time detection unit 396

- determines the current threshold voltage(s) of the tlme

cell(s), as-'was descrlbed above, and returns the elapsed time ’
corresponding to the current threshold voltage in some manner
~or returneéd to the requeSter.

An horological device with an expanded floating gate that is'
common to a programming EGFET and chargeloss—-sensing FGFET.
A fourth embodiment of the present invention extends the

concept of u31ng the floating gate of a floating gate fleld
effect transistor (FGFET) as.the 1nsulated charge storage
element for an horological device in accordance with the
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'present 1nvent10n Preferably, a programmlng FGFET and a .

" chargeloss- sen51ng FGFET have a common, expanded floatlng
.gate. The programmlng FGFET is used to program the common
-floatlng gate w1th .an amount of electrostatlc charge- that 1s=
'greater than- the amount of electrostatlc charge stored by a
typlcal FGFET. At selected points in tlme, the electrlc
potentlal of the: floatlng gate is then - lndlrectly determined
by a charge loss sensing device with the assistance of the '
chargeloss sen31ng FGFET, and the measurement is converted
into " an elapsed time value.' In effect, the chargeloss—sen31ng.
FGFET senses the amount of stored electrostatic charge that ls
‘lost over a period of time by the device.-.The device for this

embodiment may be termed a programmable chargeloss—senSing

(PCS) floatlng gate fleld effect tran51stor, or simply. PCSFET. B

In general, the operation of a PCSFET is similar to the

operation of a time cell whose. form 1s based on a non—volatlle

'~ .memory cell. -As prev1ously descrlbed above, the assoc1ated,

measurable, time: perlod for thls type of time cell has explred
- if it contalns a loglcal “0" at some point after it has been .
programmed. ‘The binary determination of Whether or not the
tlme cell has expired provides a ba51s for calllng this type

of tlme cell a “binary time cell”. 1In contrast, the operatlon

- of the PCSFET results in an analog measurement of its state -

. .when an elapsed time is to be observed, as descrlbed in more

detail further below. Although the final, outputted, time
value may be in digital form,:the state of the PCSFET is
initially sensed in an analog manner. For this'reason,~the
PCSFET may be termed an “analog time cell”.

With reference now to Figures 4A-4B, symbolic
representations of the horological device of the fourth
embodiment of the present invention is shown as a programming
FGFET and a chargeloss:senslng FGFET together with 'a conimon
floating gate. In Figure 4A,'programming FGFET 402 is
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“coupled" to chargeloss—sensing FGFET 404-(also simply termed
“sensing FGFET”) through common floatlng gate 406. o d'
;Programmlng FGFET 402 has control gate 408, drain 410 and '
source 412, while sen51ng FGFET 404 has drain 414, source 416 ;
and control gate 418. Common floatlng gate 406, though acts
as a floatlng gate for both FGFETs, programmlng FGFET 402
_stores an electrostatlc charge 1nto common floating gate 406,
and sen31ng FGFET 404 indirectly determines the amount of .
electrostatlc charge retained in- floatlng gate 406 at a later
point 1n time after the programming operatlon. .
Figure 4B .is 51m11ar to Figure 4A except that Figure. 4B
deplcts a preferred embodiment in Wthh an additional element
is added to the circuit.' Coupling gate 420 a551sts in storlng
‘a larger amount of charge onto the common floating gate than
would otherw1se be p0551ble without coupllng gate 420 ‘as 1s

explalned in more detail below.

" In order to store charge in the common floatlng gate,. the L

floating gate must be programmed During the programmlng
operation, only the programmlng FGFET is used The
chargeloss sensing FGFET remalns idle, and ‘the voltages at its
‘source, draln, and control gate are allowed to float or are
tled_to ground. Preferably, the programmlng mechanlsm is
.channel hot electron injection through the programming FGFET
by tying its source to groUnd and its control gate'and drain
to sufficiently high voltages

In this embodiment, the common floatlng gate is employed
to accumulate a larger amount of charge than may be stored by
a typical FGFET. A larger amount of stored charge provides -
two benefits. First, the common floating gate will require a
longer period of time to discharge a larger amount of stored
charge. Hence, a longer elapsed time period can be monitored
when the device is in its_time monitoring mode of operation.
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Segoﬁd, the larger initial chatge inereases the initial,
condition-for the charge decay funetion,'in a manner ELmi;ar ,
_to that deécribed above with fespect to Figures 1L-1Q. The
- larger initial charge'causes'the chargelossesensing FGEET'to
have a.higher initial tﬁreshdid'voltage, which shifts the
decay or discharge function rlghtward when viewed in a
threshold voltage ‘decay chart. This allows a designer to plck
the range of threshold voltages over which the PCSFET device -
"will operate during the elabsed time period. One reason that
“this is important is because the circuitry containing the
PCSFET operates”within certain voltages, and the'operational
" threshold voltages of the PCSFET can'be brought into a range
of voltage values that 51mp11f1es the design or operatlon of
.the surrounding circuitry. ’
| However, - during the programming: operation, .as the chaige
accunulates in the floatlng gate, the accumulatlng charge
repels an 1ncrea51ng number of electrons that are being
emlttlng into the tunneling oxide of the prqgrammlng.EGFET;

" the electrons are repeiled back into the“channel;"Ih'this
'scenario, the electric potentiai of the floating gate would be
limited to a value that is lower than desired. -

. In order to store more charge in the common floating
' gate, an approprlate voltage is applied to the coupling gate.
‘The coupling gate induces an electric field through the common
floating gate, .giving the floating gate a largerecapacitance, '
i.e. a larger ability to store charge. The cohfigurations of
the coupllng gate, the common floating gate, and other reglons
are described in more detail w1th respect to Flgure 4F.

With reference now to Figure 4C, a diagram depicts the
voltages applied to the various terminals of the-device during
the programming operation.

' To induce CHE injection within the programming FGFET
during the programming process, a high positive voltage is
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.applied at the drain of the programming FGFET, herein termed
Vep - Because electrons ‘are heing injected'into the floating .
gate, a high positive voltage, herein termed Ve, is applied to
the coupling gate to.attract more injected electrons into or
onto the float1ng gate, thus allowing the floating gate to

. reach a higher potential-than without the coupllng gate. The_
_ coupllng gate voltage Ve is sllghtly higher than Vo SO that
the voltage of the floating gate approaches a hlgher value
during the programmlng process.

The source of the programming FGFET is‘ tied to ground
while its control gate receives a voltage Vi, which may be
substantially the same voltage as:Vm._ The terminals of the -
sen51ng EGFET are. unbiased and allowed to float. '

' Wlth reference now to Pigure 4D, a diagram. deplcts the
voltages applied to the wvarious terminals durlng a sensing
.operation for a-device in accordance with an embodiment of the
'.present 1nventlon. The manner in which an elapsed time perlod
is determlned for a programmed device in this. embodament is
51gn1f1cantly different than-the time detection operations

that are described above ror other'embodinents.’ In this:-' _
_embodiment, 'the time detectibn operation comprises a threshold
voltage sensing operatlon in which the retained electrlc
potentlal of ‘the retained electrostatic charge on the floatlng
gate is indirectly determined or “sensed” through the
chargeloss—sensing FGFET. ' Figure 4D shows the voltages that
are applied to the device during the sen51ng operation. The
source, control gate, and drain of the sen51ng FGFET are

biased with voltages Vﬁ, Vs, and V@, respectlvely, in a manner_
which allows for the sensing ‘operation, as is described in
nore'detail below. The upper contact of the coupling gate is
unhiased and allowed to float, whereas the lower portion of

" the coupling gate is biased at the same voltage as the source
of the chargeloss—sensing FGFET, which is shown as Vs in
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:Figure 4ap. The terminals of the programmlng FGFET are -
unblased and allowed to float.

Wlth reference now to Flgure 4E, a dlagram deplcts a
phy31cal dev1ce comprlslng a programming FGFET coupled through
a common floatlng gate with a chargeloss—sensing FGFET 1n
comblnatlon with a coupllng gate in -accordance with an
embodiment of the present 1nventlon. Figure 4E shows a top
view of a phyeical PCSFET device. '?igure 4E also shows most
_of the voltages that are applied to the device both during a
programming operatlon and a sensing operatlon, although these
voltages are not necessarlly applied 51multaneously or
concurrently, as descrlbed above with respect to Flgure 4C'and
Flgure 4D.. _ . |

As shown in F;gure 4R, a portlon of the common floating;
-gate is placed vertically between the control gate and channel .
of the programming FGFET and also Vertically between the h
control gate and channel of the sensing FGFET. A
cross- sectlonal view of elther the programming. FGFET or the
chargeloss sensrng FGFET would appear similar to the- FGFET
" shown in Figure 1A, although the common floating gate in the °
-_PCSFET obviously extends between the programmlng FGFET and the
chargeloss sensing FGFET. .

Because of this configuration, the programming FGFET and_
‘the sensing FGFET both have a tunneling region through which
trapped electrostatic charge in a programmed common floating
gate can be discharged through_Fowler—Nordheim:tunneliﬁg. As
previously described, the physical properties and dimensions
of the tunneling region may be constructed to control the.rate
of discharge from the common floating gate. The overall .
discharge function of the PCSFET is then equal to the sum of
the discharge.functions of both the.programming FGFET and the -
chargeloss sensrng FGFET. However, depending on the

dimensions and propertles of these tunnellng regions, one of
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the tunneling regions may. be purpOSefully considered to'be
more dominant than: the other reglon . ' o

Alternatlvely, the regions between the common floatlng
gate and the channels ‘in the programming "and
.chargeloss-— sen51ng FEFETs may be constructed so that
Fowler- Nordhelm tunneling in these regions 1s negllglble over
the time- perlod of -interest. Instead, the PCSFET may have one
. or.more dominant tunneling ‘regions adjacent to the common
floating gate. As described previously, a dominant tunneling_'
" region may be constructed with more prec151on than other
elements in the dev1ce 1n order to achleVe an actual device
that closely adheres to its theoretlcal model, thereby
enabllng more prec1se time measurements to be made during the
" time perlod of interest. N _
As further examples of some of ‘the physrcal propertles -
' that may be controlled to obtaln the desired operatlonal K
characterlstlcs of a time cell, one may modlfy, elther singly
or in ‘combination, the aspects of the floating gate and/or the
other eiements of a floating gate FET. The amount of charge
that may be storéd by the floatlng gate ¢can be roughly
formulated as:

| C = eox A/tox .

where C is the amount of charge, A is the area of the floatlng
gate, e, is the ‘dielectric constant of the insulating material
" (e.g., -oxide), and-tox is the thickness of the oxide or other
"insulating material. To vary the amount of initial charge in
or on the floating_gate, one can vary each of -these parameters
and/or. the initial charge/programming time. It should be
noted that varying these parameters may require changes in the
fabrication brocess that is .used to create the device.

One can .also control other physical aspects of the field
effect transistor}' One can vary the channel length and width,
. each of which effect the tunneling area. For example, a wide;
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. long dev1ce has more tunneling- area, thereby changlng the rate -
of the dlscharge process It should be- noted that the
threshold Voltage for -a long channel device can be |

| - substantially higher, however. For alnarrow channel device,
the-threéholdgincreases or'decreases depending upon the
fabrication technique (in other words, this is a second .order
effeot).._ '

‘'For other variations, fabrication process changes may be
'required,' Again, .a thin oxide allows for faster tunneling;and
lowers -the threshold. A higher dielectric constant-also . .
loWers the threshold voltage of the device. ‘Thermal oxide
grown ‘on poly (polyox1des) permlts tunneling at thicker oxides
- at higher. rates than those oxides grown thermally on .
monocrystalllne 3111con .

In Flgure 4E, the portion of - the common floating gate
 within the programmlng FGFET is slightly larger than the
portlon of the common floatlng gate w1th1n the .

- chargeloss-sen51ng FGFET. Dependlng on the 1mplementatlon of
: the device, the sizes of these portlons may be equal or may .
.vary. ' - o - ' -

With reference now to Figure 4F, a simplified
~cross-sectional view shows the positional relationships of the
common fioating gate and the coupling gate of'a programmable
chargeloss~sensing FGFET in accordance with an embodiment of
the present invention. The device is not- necessarily drawn to
scale, and the insulating material, shown as an oxide, may
combrise one or more different materials deposited or formed
in multiple fabrication steps. The common floating gate is
_ preferably composed of polysilicon. The common floating gate
is preferably completely insulated by an appropriate material,
such as silicon oxide. The coupling gate is composed of an
appropriate material, such as metal or polysilicon.
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The 51ze of the common floatlng gate is a de51gn ch01ce .
that depends on the amount of charge that one de51res to |
store, which is obviously. influenced by the dlscharge function
_that one de31res-for_a particular time measurement perled.

The magnitﬁde of Vgz on the coypling gate depends upon the
amount of charge that one desires to store on the floating .
gafe The substrate region below the coupling gate and below
. the floatlng gate is grounded or approprlately blased with
respect to the coupllng gate. _

Preferably, the thlckness of the oxide between the common
floafing gate and the .coupling gate is much larger than the '
‘oxide thieknese in the tunneling regibns of the programming
FGFET and the chargeloss-sensing FGFET. This preferehce'is to
.ensure that the stored charge is lost mainly through -
Fowler—Nordhelm tunneling in the tunnellng regions of the -

- programming FGFET -and the chargeless -sensing FGFET and not

- through tunnellng to the coupllng ‘gate. ’ ) E

As shown in prev1ous flgures, .the thickness of -the’
t.tunnellng oxide may vary depending upon the elapsed tlme
'period_that.one desires to ﬁeasure or depehding upon the _
discharge.function that'one desires during the elapsed time
. period. However, the thicknese of the oxide between the
common floating gate and the coupling gate and between rhe
common floating gate and the-substrate.is preferably larger
~than 9 nm to ensure that the charge loss through these oxide
regions is negligible over long.periods of time. ' _

It should be'hoted that there is a tradeoff, though, for
a thicker exide_in these regions. While a thicker oxide
reduces charge loss, it also reduces the capacitive coupling
effect of the coupling gate. A larger distance between' the "
coupling gate and the substrate reduces the electric_potential
between these two regions, thereby diminishing the strength of
the electric field on the eommoh'floating gate situated
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between the coupling gate and the substrate. It should also
be noted that the oxide between the coupling;gate and. the
commoh'floating gate does not necessarily have the same
dimensions as the oxide between the common floating gate and .
the substrate. - o S o '

After the programming operatlon, the stored electrostatlc'
charge 1n the common floating gate will begln to tunnel
through the tunnellng regions in both the programmlng FGFET
:and the sensing FGFET, the effects of which can be simply
added together. As showh with respect to previous figures,
the cohsequences of the éharge'loss on the threshold'voltage

~of. a dev1ce can be modeled. Hence, the effect of the charge

'-loss on the threshold voltage of the sensing FGFET can be used :

to determlne an elapsed tlme perlod since the common floatlng
gate was programmed. ' _ ]

However, as noted previously, the.mahner in which. the
elapsed time period is determined for this embodiment of the
present invention is dlfferent from the manner described above
w1th .respect to non-volatile memory cells that are conflgured
as time cells in accordance with other embodlments of the |
present 1nventlon. From one perspective, the device in this
embodiment operates in a similar manner to the previously
described tlme cells; a type of floatlng gate FET is '
programmed "and the charge in the floatlng gate is allowed to
dissipate in a discharge process through the insulating
material -over a period of time. In the tlme cells in the
previous embodiments, though a simple read operatlon sufflces
" to determine whether the measured time perlod has reached a
predetermined elapsed time; those time cells can be termed
“binary time cells”. In contrast, the present embodiment uses
._a threshold voltage'detection circuit to determine'the
threshold voltage of the sensing FGFET; the time cells in this
embodiment can be termed “analog time cells”.
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Wlth reference now to- Flgure 4G, a 01rcu1t diagram _
deplcts a threshold voltage detection c1rcu1t in accdrdance
with an ‘embodiment of the present invention. The complete
threshold voltaée detection circuit comprises' the PCSFET. _
only the chargeloss sen51ng FGFET is shown in Flgure 4G; the
_-termlnals of the- programmlng FGFET in the PCSFET are allowed .
to float during the sensing operatlon,.and the terminals on -
the programming FGFET do not affect the operation of the
threshold voltage detectlon c1rcu1t during the sen51ng
operatlon. ' .

) The dev1ce descrlbed ‘with respect to Figures 4A-4F can
monltor an elapsed time period without an extermal power :
source. - However, an external power source and -additional-
circuitry are requlred to perform the programmlng operation,
which was descrlbed above with respect to Flgure 4C, and to
_perform ‘the sen51ng operatlon. For this embodlment of the.
present 1nvent10n, the sensing operatlon employs the threshold
voltage detection circuit shown in F;gure 4G, which could be - .
~ located on.a sensing device that contains a power source. _
Alternatively,'the sensing circuit'conld be located on the -
same device as the PCSFET and then later coupied to another
'device with a power supply. In other words, the terminals for
_coupllng with an external device may be placed in an
approprlate locatlon that may depend on the appllcatlon belng
supported by the horologlcal device. -

The threshold voltage detection c1rcu1t in Flgure 4G _
| shows the chargeloss-sensing FGFET of .the PCSFET, a detector
FET, two resistors, and an operational amplifier that is
operated as a generic'inverting sum amplifier. The detector
' FET has been constructed so that it has operational
| characteristics that are nearly identical to those of the
chargeloss—sensing FGFET when the chdrgeloss-sensing FGFET is -
not charged. In other words, the detector FET and the
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chargeloss sen51ng FGFET are matched such that they have

nearly. 1dentlcal threshold voltage curves over the same range

L

IStates of operation: (1) the common floatlng gate has not been

of inputs. The resistances R, and R, are. also equal.
' The chargeloss sen51ng FGFET can have ba51cally two-
programmed; and (2) the common floating gate has been
 programmed. First, the operation of the threshold-voltage
detection circuit in the non-programmed mode is'described,”and '
then the programmed mode of operation is described. '
The inputs.to the gate and drain of the detector FET are
shorted, so the'source—to-drain voltage andzthe-source—to-gate'
voltage of the detector FET.are.equal, which places_the
_ detector FET into saturation mode and causes the detector FET .
..to act as a constant current source. .Since I, is constant, .
the drop in potentlal across R, 1s constant, and ngremains at
Ca constant value between ground and Vp. R, and R; can -be '
chosen so that V,, is any value less than Vpp, i.e. Vv, < Vm,.._:
When the PCSFET is not charged, the chargeloss sensing’
FGFET is in a steady state. The control gate of the
-chargeloss sensing FGFET is at the same potentlal as the gate
of the detector FET, and because the two transistors are
matched, the current through the chargeloss sensing FGFET is
equal to the current through the detector FET, i.e. I, equals
. I,. Hence, Va equals V; since Rg equals R:, and 'V, is also less
than Vi, i.e. V; < Vip. '
The operational-amplifier is operated in'a mode that
‘allows it to act as a generic inverting sum amplifier; the
feedback network through the rest of the circuitry is not

" represented in the diagram. Hence, the c1rcu1t operates in a

- manner such that when its two inputs are equal, then Vg is

approximately equal to Vy,, and when itSfinverting input

terminal is much larger than the non-inverting input terminal,-
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.then the output voltage is close to zero. In other words, the
_c1rcu1t operates with the follow1ng approx1mate relatlonshlp
© Vogr ® Vpp + B*(V;r-\&), Ver > 0.  Veur 1s limited to
‘positive voltages, and B is a gain varlable or constant.
When the PCSFET is discharged, -the chargeloss sen51ng
- FGFET is at e'guilibrium, and_- V; = V,. Hence, Vgr = Vp in the
.non—programmed mode of operation, . o
.Once the analog time cell-has_beén'programmed, it can be

regarded as having entered a programmed'mode of -operation. As .

previously described, after the programming process, the
amourit of stored charge in the common floating gate is
 decreasing through Fowler-Nordheim tunneling, which-canses the
'threshold voltage of the chargeloss—sensing,FGfET to diminish
over time. - ' - L o
Immedlately after the common floatlng gate has been
_:programmed, though, the threshold voltage of the
.chargelOSS*sensing "FGFET is at. a maximum value. Slnce the
source—to—gate voltage, i.e. control gate voltage, is eonstant
and equal to V,, the chargeloss-sensing FGFET is no longer
~turned on for this control gate voltage.' The current I, drops
as the threshold voltage of the chargeloss-sensing FGFET
_rlees, i. e.ﬁlts.source—to—draln voltage rlses.- Since I, is
very small, 'there'is very little potential drop across R, and
Vé is approx1mately equal to'Vm. Referring again to the
voltage relation: ¢
Vour = Vpp + B*(V; - Vz); Vw-r > 0- .
Since V; is somewhat less than Vﬁ,and V} is approx1mately equal
to Vo, Vour would evaluate to less than zero if the output were
not referenced to ground for negative.voltages. Hence, Veyr
ﬁould be equal to zero_just:after programming the‘PCSFET. For
. the special case of B equal to two and Vi equal to Vm/2, Veur -
evaluates to zero without being'referenced to zero.
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~ With reference now to Figures 4H-4J, a set of graphs show=
the manner in which the voltages and currents in ‘the PCSFET '

change during a monitored tlme perlod.

As shown in Elgure 4H, after the common floatlng gate has;_'

: been programmed the threshold voltage of the:
_chargeloss sen51ng FGFET decreases as the common floatlng gate
loses its charge. As shown in Figure 4;, as the threshold
.voltage decreases, the drain curfent thtough the
chargeloss—sensing FGEET“increaees. As I, iricreases, the )
potential.drop -across. R, increases, and V., decreases. As shown _
in F;gure 43, over a suff1c1ently long perlod of time, Vé:
- approaches 'V;, and Vg approaches Vw. o
In this manner, the sen51ng mechanism is de51gned for
observ1ng the. threshold voltage of the chargeloss sen31ng
FGFET in an 1nd1rect manner. The output voltage Vur is
1nversely related to the threshold voltage, although the
‘threshold voltage is not measured dlrectly. The senSLng.
mechanlsm“observes the state of the PCSFET at'any desired
“point in_time_withoutndisrupting-the-state of the PCSFET. The
tetained'chafge within the common floating gate is
substantially undisturbed by the voltages applied to. the -
chargeloss sensing FGFET durlng the sensing process. o
As should be apparent to one of ordlnary skill in the -
:_art, the sensing circuit will have multlple design solutions’
for multlple.lnput variables, which include: the threshold
- voltage to be measured, which is a function of the'elapsed
time to be.measured, the charge to be stored, and the physical
characteristics of the PCSFET; the matching characteristics of
the detector FET and the chargeloss-sensing FGFET '
(gate-to—source voltage, sou:ce—to—drain voltage, current'
characteristics, etc.); the:.current through the .
chargelossfsensing FGFET (I.), and: hence, one of the input
' voltagee to the remainder of the circuit; the voltage to be
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held at the detector FET and the control gate of.the,.l
'chargeloss'senSing FGFET (V}), and hence, the other'input )
voltage to the remainder of the c1rcu1t. With appropriate
..de51gn ch01ces, the dependenC1es between the circuit elements .-
can be chosen to obtain a desired voltage output function at _
Voor. Different sensing circuits may be used, and one of '
ordinary skill in the art would apbieciate that the sensing

" mechanism may vary depending on the 1mp1ementat10n of the -
'present 1nvention. . The depicted examples are not meant to’
imply limitations with respect to the present invention but
rather provide information concerning a preferred sensing
mechanism.in.accordance with an embodiment of the.present_
'1nvention.. o -

In order to convert the observed output voltage from the
sensing circuit to an elapsed time value, the operational
characteristics. of the analog time cell must be known. As
' prev1ously noted in addltion to manlpulating the phy51cal
dimensions of the’ tlme cell the 'operational characterlstics
of the tlme cell over ‘an elapsed tlme period also depend on
the time cell’s initial conditions. The initial amount of
' charge stored in the common floating gate sets its initial’
electric potential, and the initial threshold voltage of the
chargeloss—-sensing FGFET Varies_ﬁith the initial amount of
stored charge. Hence, it is also important that the
programming operation be performed in a manner in which the
" common floating gate is initialized with an appropriate
initial amount of electrostatic charge, or equivalently, in a
manner in which the threshold voltage begins at an appropriate
initial value. ‘

For any de51red initial startlng condition for the analog
time cell, the common floatlng gate may be programmed for
variable lengths of time. For example, to store more charge

in the common floating gate, the programming operation is
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performed for a longer périod of time. leferent methods may

" be used to determine the spec1f1c length of programmlng time
, for a given analog time cell configuration..

As noted previously'for binary time cells, the required
length of programming time for any given analog time cell
design or size may be found empirically by charging a test set
of analog time cells. Each time cell in the set of time cells

would be charged for a different length of time. - Each time
‘cell would then be monitored. for 1ts change in threshold :
'voltage over a period of time. The 1n1t1al programming tlmes

may then be correlated with the threshold voltage decay
responses, and this information would be stored for later use.
The testlng .procedures can also determlne the tolerances of

‘the manufactured dev1ces With this empirical information, a
. time cell with partlcular dimensions or. physical

'_characterlstlcs could be employed to monltor a range of tlme

perlods ‘that varies with its programming operatlon.
Alternatlvely, 1n order to prov1de the analog time cell

i w1th an accurate 1n1t1al condltlon, the programmlng operatlon
.may employ the programmlng FGFET and the chargeloss-sensing

FGFET in the’ follow1ng manner. -As descrlbed prev10usly, the

'fprogrammlng process 1njects charge into the common floatlng

gate v1a the programmlng FGFET Aftéer the common floating

- gate has been charged for some perlod of time, the common

floating gate mlght be expected to have reached ‘its de51red
potentlal. In contrast to the prev1ous descrlptlon w1th

:respect to F;gures 4C- 4D, however, rather .than leav1ng the

chargeloss sen51ng FGFET 1dle during the programmlng process,
1ts terminals can be connected to a threshold voltage
detectlon c1rcu1t Instead of assumlng that the programmed

“PCSFET has a partlcular 1n1t1al ‘threshold veltage in its

chargeloss- sen51ng FGFET after the programmirng operatlon, the
threshold voltage detectlon circuit is employed to. measure the
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initial threshold voltage during the programming operation.
If the threshold voltage has not yet reached its desired
_value, the programmlng process may continue. Assuming that

. the expected programming time is known falrly accurately, the
programming process should only need'to be continued for a
relatively short amount of time after the programming
operatlon has completed an initial programmlng phase.

The programming process may or ‘may not be 1nterrupted
" during the threshold .voltage measurement process, and the
measurement process may'or may not be interrupted during the
remainder of the programming prodess.. Alternatively; the
' programming process and threshold voltage measurement process
can cycle repeatedly until the proper initial threshold '
voltage is reached.

Other methods for determlnlng the proper programmlng
'parameters may be employed without affectlng the scope of the
present 1nvent10n. _ , o

'To.convert the . observed output voltage from the sen31ng
.eircuit to an elapsed tlme value, the operatlonal
characterlstlcs of the analog tlme cell must be known,
including the initial threshold voltage of the _
chargelossfsenslng FGFET. and the threshold voltage_decay
‘function. .The initial threshold voltage .can be set during'the
:programming operation; and'although the analog time cell may
be designed to respond with a particular threshold voltage
fdecay functlon, the. actual threshold voltage decay functlon
can be found emplrically, However, slnce a threshold voltage
value'at any particular'time is found by observing the output
_of a threshold, voltage'detection circuit, the threshold .
voltage/tlme relatlonshlp prov1ded by the threshold voltage
~ decay functlon is essentlally replaced by the output _

”voltage/tlme relatlonshlp prov1ded by the threshold voltage |
detection output ‘function. The mathematical relationship
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" between the threshold-voltage detection output function and
elapsed time is derived empirically and. stored for later use.

_ In other words,]once.the operational'characteristics of
the analog time cell have been observed, a ‘time measurement is
'eséentially performed by mapping the output of the sensing
circuit or sensing device with an elapsed time value.
Referring again to- rlgure 46, the values of the voltage output
" function at Vg, arée mapped to elapsed time values. The analog
- value of Vgr can be converted into. a ‘digital value by an A-D -
converter, which is used in sSome type of mapping function or
mapping operation to obtain an elapsed time value.

- HenCe, for a given type of analog time cell, by having a
converted_dlgital datum from an 1nd1rect observatlon of the
" threshold voltage of the PCSFET and by know1ng the 1n1t1al
l;threshold voltage of the PCSFET 1mmed1ately after programmlng,

.an’ elapsed time value can be generated via a simple mapplng
'operatlon, "such as -that provided by a s1mple lookup table.

’ In an alternatlve embodiment, the analog time cell can be
'paired with a non-volatile memory cell. If a dev1ce has

- multiple time cells, then each'time cell can be paired with a
.non—volatlle memory-cell. When an analog time cell is |
4'programmed to an initial threshold voltage, the correspondlng

_non—volatlle memory cell can be programmed such that 1t ‘also.
"has the same 1n1t1al threshold voltage Slnce the
correspondlng non~volat11e memory cell does not lose its
initial charge over a time . perlod of 1nterest, the _
correspondlng non-volatile memory cell can act as a reference
When a threshold voltage measurement operatlonlls performed on
the analog time cell, '@ similar threshold voltage_measurement .
operation can be7performed on the corresponding non—volatile
memory cell. The measured threshold voltage from. the |
”:non-volatlle memory cell can then be used as.a reference
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voltage for comparison against the measﬁred threshold voltage
from the analog time cell. '

- With reference now to Figures 4K-4L, a block diagram
depicts a relationship between a programming device, a sehsing
device, and anh horological'device in accordance-With an
eﬁbodiment of thehpresent invention. The hordlogical device
contains a PCSFET, i.e. an analog time cell, which is a
combination of a-ﬁrogramming‘FGFET and a sensing FGFET similar
to that described. above with respect to Figures 47-4G. ' _

' System 450 shows initializing device 452 connected to'
fbatteryless, osc1llatorless, electronlc horologlcal device
454, whlch in turn is connected to sensing- dev1ce 456. While .
it is possible that all of these devices are located within
the same- system, depending upon the application, each of these
_ devices may be physically .located within a different system,
product, coﬁponent, oi'other device. For example,-the
horological device of thelpresent invehtion'ma§ be Located
within'a batteryless smart card that is initialized by an:
issuing institution using the initializihg device.- A consumer .
may ‘carry the smart card while it is monltorlng an elapsed
time period and then may present the smart card to a merchant.
. A.merchant’s data processing system that contains a sen51ng
device may then determine the smart card’s. elapsed time period
for a varlety of bu51ness ‘reasons.

Much of the programmlng device c1rcu1try and sensing
dev1ce c1rcu1try may be 1mplemented on the portable device.
This type of arrangement allows an accurate programmlng
operation in which a programming process and a measurement
process_are cycied) as described above. However, additional
".circuitry'adds'to'the cost of-mahufacture-of the smart card,
and there may be’ other commerc1al considerations. Althoagh
the smart card may contaln thls additional c1rcu1try, it
should be understood that the time cell is still directed to
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powerless or batterYless operation, whether or not the smart
card contains a battery. '

Inltlallzlng dev1ce 452 contains programmlng unit 458
which receives programming commands and- sends status about the
programming operations (not shown). Programning_unit 458
controls the programming- operation by asserting programming
" voltages-Pl, P,, and Ps, which are received as voltages Ve, Vpp,
fand Ve by analog time cell 460. The‘analog time cell contains
a combination of a programmlng FGFET and a sensing FGFET- with
a common floating gate.which receives a charge during the
programming operation. ‘Once the programming'operation'is-

- complete; - the analog time cell dlscharges its stored charge '
over tlme. ' , _
' At a subsequent p01nt in tlme, the horological device
that contalns analog time cell 460 is coupled to sen51ng
'.devlce 456, which has’ voltages Sl, S;, and S; that tie into the
:chargeloss—sensing FGFET3termlnals-V%, Ve, and Vgs. Sen51ng
- device 456 may then initlate the sensing operation or ﬁay wait
. for an elapsed time request command As the charge in the.
floatlng gate of the time cell dlmlnlshes over tlme, the
threshold voltage response of the sen31ng FGFET also
dlmlnlshes - Time detectlon unit 462 ‘controls threshold
voltage sensor unit 464, whlch indirectly determlnes the
- current threshdld'vpltage of the time cell, possibly using a
.threshold voltage detection c1rcu1t .as was descrlbed above
~with respect to Figure 46._ The estlmated amount of elapsed
time that.corresponds_to the determined threshold voltage is
_then”computed by voltage-to-time converter unit 468, and the-
elapsed time is then processed in some manner or returned to _
'the requester. A varlety of forms may be used to report the -
- elapsed time value, such ‘as a tlmestamp, a number of elapsed

seconds or other time units, or a simple'boolean'value_"
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"~ indicating whether the elapsed time is greater than a selected

~ time value. -

Figure 4L is similar to Figure 4K. Figure 4L shows
system 470 that is similar to. system 450 in Figure 4K with
identical reference numerals associated with identical
elements Figure 4L also includes optional time -cell
parameter memory 472 on the horologlcal device.

As descrlbed above w1th respect to Flgure 4G, the current
state of the analog time’ cell must be mapped,to an elapsed.
time when the tlme observation is made. In order to perform
the computatlon properly, the voltage-to-time converter unit _
must have knowledge about the operatlonal capabilities of the

" time cell, such: as 1ts decay or discharge functlon and the
~initial amount of charge stored into the _common floating gate
" 'during. the programmlng operatlon, or equlvalently, the

threshold voltage decay function and the initial threshold

. voltage. Since the amount of charge does not change the form

of the decay functlon but does change - the initial condition or

-startlng p01nt of the decay function, the initial threshold

voltage needs’ to’ be ' known along with parameters describing - -the
tlme cell’s decay function.

There .are many ways in which the sensing or reading

' dev1ce can obtain the- 1nformat10n that is - required for

determlnlng an elapsed tlme. First, the analog time cell and

- its programmlng operatlon may be standardized such that the

sensing device can assume that ‘an analog time cell was-

'manufactured w1th a partlcular de51gn and programmed in a

partlcular manner for a particular amount of time. 1In this-

scenario, the sen81ng device dlrectly converts an observed

pthreshold voltage value to an elapsed time. The sensing-

device .can be built to convert.values without reference to =

_ stored'parameters that are unique to a particular time cell.
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Second, after the analog time cell is initialized, the

- programming device stores the initialization information into
. an accessible database, which the sensing device reads to get
informatioﬂ that is correlated with its observations.. The
_initialization information might include the amount of time
for which the time cell was programmed and a lookup table that
correlates'programming times to elapsed times-fer a given type
of time call. _

Third, rather than eipect the sensing'device to have ‘such
iﬁformation'available, which implies that the programming
device and the sensing device are networked'in some way, the
operational parameters:are stored into time'cell'parameterf
-non-volatile memory 47b_by the programming unit during the
programming operatlon. Since the operational parameters are -
few and require a small amount of 1nexpen31ve, non—volatlle
- memory, these parameter values can be stored: qulte eas1ly
The parameters may 1nclude one or more of ‘the follow1ng data .
items: a tlmestamp consisting of the time at whlch_the _
programming,operation was complete; an identifierfof the
mahufacturer'of.the_time cell; an identifier.of the type of
‘time cell; an identifier of an.industry~standard to which the .
time cell adheres; a lookup table correlatlng an observed.
'threshold voltage with a number of unlts of time (if the
sensing circuit is not on the.same device 'as the time cell);
lookup table correlating an observed detection circuit output
value with a number of units.of time (if the sensing or _
'detectien'circuit is'pn_the'same device as the time cell); and
_an identifier of the type of time units stored in the
parameter.memofy Of coursge, other operational parameters may -.
be stored in assoc1atlon with the time cells. The format.of
the parameters themselves may adhere to a standard such that
_dlfferent manufacturers of these devices can ensure
_1nteroperab111ty
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- It $hould be noted that the concept of'employing'multiple
time cells as an horological device, as explained above for
binary time cells, is also applicable to analog time cells.

In this embodiment, a set of sensing operations are performed

. on a set of analog time cells in which each analog time cell

in the set has been designed to.reduce the threshold voltage

of its PCSFET to a predetermined value within a predetermined
period of time after it has beenlprogrammed;. Using an - )
indirect observation of the threshold voltage of each analog

time cell, an elapsed time value can.be determined for each

analog time cell

. Each analog time cell 'in the set of time cells. may
possess a -unique dlscharge function from the other time cells
in the set. Alternatively, all of the analog time cells: in

_the set of time cells may possess identical dlscharge

"functlons. It should be noted that it is not necessary for

each time cell to be constructed in the same manner, and thel

-'dlscharge functions across a set of time cells may also differ

because of. varylng initial condltlons in each tlme cell. For -

'example, a set of 1dent1cal analog time cells may be

programmed for different lengths of tlme, thereby providing'
each of the time cells with a different initial amount of

charge and a different ability.to measure shorter or longer

. .time periods.

Multlple analog tlme cells may be employed within-a
single horologlcal device for a variety of reasohs. As one

example, the time cells may be viewed as providing a type of

. redundancy or error- checklng in their elapsed time measurlng

' capabllltles. The computed elapsed time values from each

analog time cell may be statistically combined, e:.g.,
ayéraged,.in order to obtain a final, reported elapsed time
value for the~horologi¢al device. The number of time cells

. that are used as a -redundant set and the number of time cells
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that are required for a positiﬁe determination of an'elapsed'
tlme may vary. .

As another example, each analog tlme cell may be
programmed_or initialized by different data proce531ng_systems
. for different purposes at different starting times. ‘A time
cell array may monitor different time periods, or different
“time sets”. ‘The maximim number of time sets woﬁld depend on
.the number of analog time cells in the time cell array and. the
manner in wh;ch the time cells are constructed to measure
different time periods. The horological dev1ce may :-also store
use indicators that show whether a partlcular time set is
-already in use and for storlng information that identifies the
~ data process1ng system that “ewns” a particular time set.

' With reference now to Eigures 4M-40, symbolic
,'representatlons are shown of a dlfferent embodiment of a
:programmable chargeloss sen51ng FGFET to.be used as. an analog
l_tlme cell. In Flgure QM a 51ngle FGFET. has control gate- 490
source 492, draln 494, floatlng gate 496, and coupllng gate
. 498. The PCSFET shown in Figure aM is s1mrlar to the PCSFET'
_described above with respect to Figures 4AF4G'except that.a
'single FGFET ﬁith a large floating.gate replaces both the
' programmlng FGFET and the chargeloss-sen31ng FGFET. F;gure 4N'
shows voltages Vw, Ve, -and Vpg to be applied to PCSFET durlng a
programmlng process similar to the process described above
with respect to F;gure 4C. - Figure 4o:shows Goltages Ven, Vss,
- and Ve to be applled to PCSFET during a ‘chargeloss—sensing
process similar to the process described above with respect to
Figure 4D. ' '

With reference now to- F;gure 4P, a dlagram deplcts a _
phy51cal dev1ce comprlslng a PCSEET w1th a. coupling gate in
-accordance with ah embodlment of the present 1nventlon.

Figure 4P shows a top view of a physical PCSFET. dev1ce 51m11ar'
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to that shown in Figures 4M-40. The physical dimensiens'and

cperation of the device shown in Figure 4P is similar to the

_device shown in Figure 4E except that a single floating gate

transistor performs both the programming and sensing
operations that were'performed by the programming FGFET and
the. chargeloss-sensing FGFET shown in Figure 4E.

" The “analog time.cell shown in Figure 4P has a
diSadvantage when compared to the time cell in Figure 4E in
that;the programming and sensing processes must be performed
through the same transistor. In order to obtain desired speed
and efficiency during the prcgramming-process, such as CHE
injection,-the_transistor mnSt~have particular. physical
characteristics. In order_tc obtain desired operational

properties during the'sensing_process, the transistor must

-have particular physical characteristics. The different
.. physical requlrements may be in contentlon such that it is -

'ea51er to construct separate tranSLStors ‘with dlfferent

dutles.. However, the analog’ tlme cell shown in Flgure 4P has

the advantage of belng smaller and hav1ng fewer elements to

‘construct ‘than the analog time cell shown in Figure 4E.

_ Conc1u51on

: The advantages of the present 1nventlon should be _
apparent in view of the detailed descrlptlon of the 1nventlon
that is provided above. A.51mp1e, electronic, horolog1ca1 '
device acts as an electrostatic hourglass. In general ‘an

1nsulated, charge storage element is charged, whlch gives the

. charge storage element a known electric potential with respect

to points outside its insulating medium. Over'a'period of
time, the charge storage element then discharges the
electrostatic charge thronghzits insulating medium through
some type-of_thsical~prccessr'thereby reducing.the.electric

T potential of the charge storage element. At a given point in
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time, the electric potential of the charge storage element is
observed, either directly or indirectly By knowing the

_ beglnnlng electric potential of the charge storage element,
;the observed electrlc potential at the given point in time,
and the discharge rate of the charge storage element, an
elapsed time period can be determined for a given point in
time. - - _ _ . '

The present invention provides electronic time
measurement without ‘a continuous energy source, such as a
battery or an AC or DC power supply. Moreover, the present
inventien provides electronic time measurement without an
~oscillator, an oscillatlng circuit, a beat or pulse counter,
or any other: type of electric tlme base osc1llator. The
horological device of the present 1nventlon also operates ‘
without an externally perceivable indicator or display, in’
.whlch case -a human cannot dlrectly observe and 1nterpret an
1nd1cator for an elapsed time perlod as measured.by the _
horological dev1ce. "However, the horologlcal device 1s useful'
.for many appllcatlons or products in which a dlsplay of the
tlmekeeplng substance or device is not necessary.

The present 1nventlon also has many phy51cal advantages
over other types of electronlc clocks.' Chemical batteries -
present potential chemical leak and disposal hazards.
Batteries tend to have a short-shelf-llﬁe, especially compared
to the useful life of the electronic cireuits that they
*accompany' In addltlon, batterles are sometimes several tlmes
larger than the electronic c1rcu1t to which they are -
connected, thereby placing de51gn restrictions on the
electronic .device. 1In contrast, the présent invention
provides a small timekeeping device that is hefmeticaliy
sealed and essentially impervious to'externa; physical effects
except extreme_temperatu;es and extreme_radiatiqn. The -small
' size, simple fabrication, and low unit cost provide
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“substantial physical and economic motivations for use in many
!appllcatlons..

It is 1mportant to note that while the. present 1nventlon
‘has been descrlbed ih the context of a fully functlonlng data
processing system, those of ordinary skill in the art will
' apprec1ate that the processes of the present invention are
capable of being distributed in the'formzof instructions in a
'computer readable medium and a variety of other forms, .
" -regardless of the particular type of signal bearing media
actually used to carry out the dlstrlbutlon. Examples of
computer readable medla include medla such as EPROM, ROM, -
tape, paper, floppy dlSC, hard disk- drlve, RAM, and CD-ROMs

‘and transmi551on—type media, such as dlglta; and analog

. communlcatlons links.

~ The descrlptlon of the present 1nvent10n has been

- presented -for purposes of ‘illustration but is not 1ntended to
. be exhaustive or limited to the dlsclosed embodlments.f Many

modlflcatlons ahd variations will be apparent to- those of
Jordlnary skill in ‘the art. The embodiments were chosen to

. explaln the pr1nc1ples of the invention and its practical
applications and to enable others of ordinary skill in the art
to understand the invention in order to implement various
:embodlments with various modlflcatlons as mlght be sulted to’

other contemplated uses.
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'CLAIMS

R

.What_is claimed is:

1. An horological -device comprising:
~ a time cell, ‘wherein the time cell has a substantially
discharged state before a programming operation and has a
controlled discharge state after the programming Operation;
and wherein the time cell transitions after the. programmlng
operatlon from the controlled dlscharge state to the
" 'substantially dlscharged state w1th1n a predetermlned time
period after the programming operatlon, and _
' .circuitry connected to the tlme cell to allow reading a
state of the time cell. '

2. The horologlcal dev1ce of claim 1 whereln .a length of the
' predetermlned tlme period varies with an initial condltlon of
the’ tlme cell after the programmlng operatlon

3. The horologlcal dev1ce of clalm 1 further comprlslng. ¢
an array of.tlme cells ’

'-4. : The horologlcal device of clalm 3 wherein at least one
time cell in the array of time cells has a predetermlned time
‘period that differs from a predetermined time ‘period of
another time'eell in the array of time cells.

- 5. ' The horological device of claim 3 wherein at least two
time cells in the array of time cells have substantlally
identical predetermlned time: perlods.'
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6. The horological.device of claim 3 further comprising:
a time cell interface:unit_for controlling the array of
time cells by ihitializing one or more time cells in the array

of time cells.

o T. The horological device of claim 3 further comprising:-

" .a programming request processing unit for processing a
programmlng request to set one or more tlme cells: w1th1n the
‘array of time cells.

8. A method for using an- horologlcal dev1ce, the method -
- comprising: o

' programmlng a tlme cell, wherein the time cell has a _
substantlally dlscharged state before a programming operation
. and has a controlled-discharge state after the programming
operation; and = - ; o e
_ dlscharglng the tlme cell, whereln the time cell
.‘tran31tlons after the programmlng operation from the
controlled dlscharge state to the substantially dlscharged
- state w1th1n a predetermlned time perlod after the programm1ng
operatlon. ' ’

9. . The method of claim 8 wherein a length of the
predetermined time period varies with an initial condition of

the time cell after the programming .operation.

10. The inethod of claim 8 further comprlslng. h
programmlng at least one time cell in an array of t1me
cells. '
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11. The method of claim 10 further comprising:
controlling the array of .time cells through a time cell
interface unit by initializing one or more ‘time cells in the

array of time cells.

12. The method of claim 10 further comprising:
proce351ng a programmlng request to set one or more time
' cells within- the array of tlme cells.

.13. A:computer program product .on a computer readable medium
. for use in a data processing system for using an horological
dev1ce, the computer program product comprising: .

instructions. for receiving a programmlng request to
1n1t1allze the horologlcal device; and

1nstructlons for programming a tlme cell, whereln the
time :cell has a substantlally dlscharged state before a'
programmlng operatlon and has a controlled discharge. state Lo
iafter the programmlng operatlon, and wherein the memory cell
tran51t10ns after the programming operatlon from the .
controlled discharge state to the substantidlly dlscharged )
1state w1th1n a predetermlned time perlod after the programmlng
operation. ' '

14. -The computer program product of cla1m 13 wherein a length
'_of the predetermined time perlod varies w1th an initial _
_conqltlon of the time cell after the_programmlng operatlon.”

15.. The COmbuter program product of claim 13 further'

" comprising: A

’ 1nstructlons for programmlng at least one time cell in an
array of time cells. ‘ '

A R
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16. The computer program product of claim 15 further
comprising;. ' '

1nstruct10ns for controlllng the array of time cells
through a time cell 1nterface unit by 1n1t1allzlng or reading

one or more time oells in the array of time cells.

17. The computer program product of claim 15 further
comprising: - ' _. _

| instructions for proce551ng a programmlng request to set
one or more t1me cells w1th1n the array of time cells.

18. An horologlcal device comprising:

a first mode of operatlon in whlch a memory cell has a-
stable memory state before a programmlng operatlon,

-a second mode of operation in Wthh the memory cell is
programmed to tran51t10n from the stable memory state to a
E non—stable memory state; - - _
.a thlrd\mode of operation in which the memory cell has a.
non-stable memory state after the second mode of operation;'.
a fourth mode of operation in which .the memory cell
transitions from the non-stable memory state'to the stable
memory . state within a predetermined time perlod, and

a fifth mode of operation in which the memory cell has a
stable memory state after the predetermlned time period.

19. The horologlcal dev1ce of clalm 18 wherein a. length of
the predetermlned time perlod varies w1th an initial condition

of the memory cell after the second mode of operation.

~20. -An horological device-comprising:

' maintaining means. for maintaining'a nonetime—measuring
state in. the horologlcal device w1thout inputting energy 1nto-
_ the horologlcal device; '

I
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 changing means for changing from the non-time-measuring
‘state to a time-measuring state by receiving_and stoting an
electrostatic chargefin a charge storage element within the
horolegical device, wheréin the charge storage element
' comprises an internal mediﬁm.for storing an electrostatic
charge and an insulating medium for insulating the internal
medium that substantlally surrounds the internal medlum, and
' transitioning means for tran31tlon1ng from the
tlme—measurlng state to the non—tlme-measurlng state, w1thout'
'1nputt1ng energy into the horologlcal device, by dlscharglng
:'jthe stored electrostatic charge in’ "the charge storage element .
to a predetermlned level of electrical potentlal within a-
predetermined time period after changlng to the tlme-measurlng
state. ' R

* c L M S *
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21. A.methed for using an horological device, the method
comprising: | '
maintaining a non—tlme—measurlng state in- the horological
" device without inputting energy into the horologlca; device;
.changing from the non-time-measuring state to a’
time-measuring state by receiving and storing an electrostatic
charge in a charge storage element within the horological
device, whefein the charge storage element comprises an
internal medium for storing an electrostatic charge and an
ineulating medium for insulating the internal medium that
subétantialiy surrOuhds the internal medium;
'~ ‘transitioning from the time-measuring.state to the’
hon4time—measﬁring state, . witﬁout inputting ehergy into the
-horologlcal device, by dlscharglng the stored electrostatlc
..charge in the charge storage elenent to a predetermlned level
of electrlcal potentlal w1th1n a predetermlned time period
after changing- to. the’ tlme—measurlng ‘state; and
detectlng a current state of the charge storage element -
| _to determine an elapsed time. '

R
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22." An horologlcal dev1ce comprlslng
" an 1nternal medlum for storing an electrostatlc charge,"
‘an insulating medlum_for insulating the internal medium,
the internal mediuﬁ and the'insulating medium forming a charge
. storage element, ' o
wherein the insulating medium substantially
surrounds the internal medium;
whereln the 1nsulat1ng medium has: phy51cal
propertles that allow-a charglng process for
charglng the internal medium with an
._eiectrostatic charge through the insulating
medium; IR
; whereln the 1nsulat1ng medlum has phy51cal
"_-propertles that allow a dlscharge process for
discharging a stored ‘electrostatic charge from
the internal medium through the insulating '
. medium; | '
wherein the insulating msdiﬁm has one or mdore
" physical p;opérties that affect a rate Qf.
‘discharge in the discharge prsssss; and
wherein at_leasﬁ one physical property of the
'insulatihg medium has been selected sd that the
. discharge process discharges a stored
electrostatic'charge at a predetermined
discharge réte.: '

23. The horological device of claim 22 wherein the
npredetermined discharge rate is non-linear with respect to
time. ' ' B

~ 24. . The horological device of claim 22 wherein the discharge
pfocess is Fowler-Nordheim tunneling.

R AR
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25. The horological device of claim 22 whereln the charglng

process is channel hot .electron 1njectlon.

.26. - The horologicai device of claim 22 further comprieing;-
a charge injector for injecting charge through the
insulating medium.into_the interhél medium.

27. The horolégical device of claim 26 further comprising:
a programmlng unlt for programmlng the charge storage
element by, operatlng the charge 1njector.

28. The horological device of claim 27 further cbmprising:'
a request proce551ng unit for proce351ng requests to :
_program the charge storage element.. |

23. The horological device cf claim 27 further'comprising:
a status generatlng unit for generating status from
.-programmlng the ‘charge storage element.

30. The horologlcal dev1ce of clalm 22 whereln the charge .

storage element is a floatlng gate in a floatlng gate field
effect transistor. - ' o

* € .L M 5§ *
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' 31}_'A:method-for using an horological device,_the method
compr151ng o . ' )
programmlng a charge storage element by storlng an |
electrostatic charge wlthrn the charge storage element,
wherein the'charge storage element comprises an internal: _
mediim for storing an electrostatic'charge and'an insulating -
1med1um for 1nsulat1ng the internal medium,
' whereln the insulating medium suhstantlally
surrounds the internal medlum. _
wherein ‘the 1nsulat1ng medium has phy51ca1
.properties that allow a charging process for
chargihg the ihternal medium with an
electrostatlc charge through - the- 1nsulat1ng .
medlum,_ o '
whereln the 1nsulat1ng medium has physical
-.-propertles that allow a dlscharge process for
rdlscharglng a stored electrostatlc charge from
the internal medium through the 1nsulat1ng
. medlum, : oo .
. wherein the 1hsulating medium has one or more
physical properties that affect a rate of . .~
. dlscharge in the dlscharge process; - and
whereln at- least one phys;cal property of the
1nsulat1ng medlum has beén' selected so that the
dlscharge process discharges a stored
. ' electrostatlc charge at a predetermlned rate.
and ' _ _
: discharging the stored electrostatic charge from the .
charge storage element. ' ' '

32. The method of claim 31 further comprising:
"programming the charge storage -element by injecting
charge through the insulating medium into the internal medium.
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- 33. The meﬁhdd-ofiglaim‘Bl'furthef comprising:
processing requests to program the charge storage

element.

. 34. The method_of claim 31 .further comprising:
generating status after attempting to program the charQé
Storage element. '

35. Thé method of . claim 31 wherein the charge storage element
' is a'floating gate in a floating gate field effect traﬁsistoru

.
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36. An horologlcal device compr1s1ng:

a semiconductor substrate;

a source reglon;'

a drein region; _

a channel”region between the_seurcé'regiqn and the drain
region; . | '

a control ‘gater i

| a floatlng gate between the control gate and the channel

'reglon, and '

an insulating region comprising 1nsulat1ng materlal
substantlally surroundlng the floating gate, wherein-the
:1nsulat1ng region comprlses a_ ‘tunneling region for dlscharglng
an electrostatic charge stored in the floating gate. through a '
discharge ‘process, wherein the tunneling region has one or __.
more phy51cal propertles that affect a rate of discharge in
the discharge process, and wherein at least one ‘physical
- property of the tunneling region has been selected so that the
-discharge process dlscharges a stored electrostatlc charge at

a predetermlned rate.

37. The horological device of claim 36 wherein the tunnelingl.
region is. between the floating'gate and the channel region.

38. The horologieal device'of"elaim.36 wherein a selected
physical property of the tunneling region comprises a selected
thickness.of the ‘insulating material.

39. The horological device of claim 3§ wherein the selected
thickness of the tunneling region is less than 7 nanometers.

40. An horological device comprising:
a floating gate field effect transistor comprising a

‘floating gate; and

B * c L L] S *
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an.insulating'regiqn of insulating material adjacent to
the floating gate, wherein a discharge rate of a discharge
proceSS'that discharges an electrostatic charge stored within
‘the .floating gate is inverselylrelated to a thickness of the
-insulating region; and wherein the thlckness of the 1nsulat1ng
region is selected to cause a threshold voltage of the ,
. floating gate fleld effect transistor to reach a predetermined:'
-threshold voltage within a predetermined time period after
programmlng the floating gate. ' '

41. The horologlcal dévice of clalm 40 whereih a length of
the predetermlned time period varles with an initial threshold
voltage of the floatlng gate fleld effect tran51stor after
programmlng the floatlng gate. .

A
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42, A method for using an horologlcal device, the. method
comprlslng '

' programmlng a floating gate fleld effect ‘transistor,
wherein . .the floating gate . field effect transistor ‘comprises a
fldating gate and an insulating region of insulating material
ad]acent to the floating gate; ' o

dlscharglng the floating gate, wherein a dlscharge rate - i
of a dlscharge-prqcess that discharges an electrostatlc.charge
stored within the programmed fleating gate is inversely
related té'a thickness of the insulating regjon, and wherein
' ‘the thickness of -the .insulating region is selected to cause a ..
'-threshold voltage ‘of the floatlng gate fleld éffect transistor -
to reach a predetermlned threshold'voltage within a
predetermlned time period after programmlng the floatlng gate

43. The method of clalm 42 wherein a length -0f the -
predetermined tlme perlod varies with an initial threshold
voltage of the floatlng gate fleld effect tran51stor after
programmlng the floatlng gate. ‘

L L L
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44, A.computer'program product'on-a computer readable medium"
for use in a ‘data process1ng system for u31ng an horologlcal
device, the computer program product comprlslng

instructions for programmlng ‘a floating gate fleld effect
tran51stor, whereln the floating gate field effect tran51stor
comprlses a floatlng gate and an 1nsulat1ng region of
'1nsulat1ng material adjacent: to ‘the floating gate, wherein a
discharge rate of a'discharge process that discharges an
electrostatic charge stored w1th1n the- programmed floatlng
.gate 1s inversely’ related to a thickness of the 1nsulat1ng '
region, and wherein the thlckness of the insulating region is
selected to cause a threshold voltage of the floating gate
field effect tranSlstor to reach a predetermlned threshold _
voltage within a predetermined time period after programmlng
‘the’ floatlng gate; and

instructions for performing a read operation on the _ .
'-floatlng gate field effect transistor to determlne whether or
not the predetermlned ‘time period has elapsed based on whether
or not the floatlng gate field effect tran51stor ‘has reached
- the predetermlned threshold voltage '

45. The computer program product of claim 44 wherein a length
of the predetenmlned time period varies, with an. 1n1t1al _

threshold voltage of the floatrng gate field effect transistor
after programming the floating gate; '

46. An article of manufacture comprising:
a binary'time cell; and o _
circuitry for allowing a state of the binary time cell ‘to
be modified or read.

" 47. The article of manufacture of claim 46 wherein the binary
time c¢ell has a substantially discharged state before a- '

I
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programming eperation and has a controlled discharge state
after the progremming operation, and wherein the binary time |
cell tran31tlons after the programmlng operatlon from the
controlled. dlscharge state to the substantlally dlscharged
'state within a predetermined- time period after the programmlng
operatlon

48. The article of manufacture of claim 46 wherein the
article of manufacture is a smart card.

) 49. The articie of manufacture of claim 46 further-
' comprls1ng-' . _ -

coupllng means for coupling the artlcle of manufacture to
o a readlng dev1ce or programmlng device. -

-50. The artlcle of manufacture of ¢laim 46 further
comprlslng. _

‘time determining means  for determlnlng whether or not a .
predetermlned tlme perlod has elapsed s1nce the blnary tlme
cell ‘was programmed. '

O



