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such as transistor drain current, is detected. By adjusting the
density of the point defect trap sites, more uniform step
changes in drain current are obtained as single electrons are
stored on or removed from respective trap sites. By also
adjusting the trapping energy of the point defect trap sites,
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tile data storage, similar to an electrically erasable and
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1
MEMORY USING INSULATOR TRAPS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a divisional of U.S. Ser. No. 08/969,
099 filed Nov. 13, 1997.

This application is related to a co-pending, commonly
assigned U.S. patent application of L. Forbes, entitled “A
MULTI-STATE FLASH MEMORY CELL AND METHOD
FOR PROGRAMMING SINGLE ELECTRON
DIFFERENCES,” Ser. No. 08/790,903, filed on Jan. 29,
1997, which disclosure is herein incorporated by reference.

TECHNICAL FIELD OF THE INVENTION

This invention relates generally to integrated circuits and
particularly, but not by way of limitation, to an integrated
circuit memory device using insulator traps for storing
charge.

BACKGROUND OF THE INVENTION

Integrated circuit memory devices provide both volatile
and nonvolatile storage of data. One goal in designing such
devices is to increase the storage density so that more data
can be stored in a memory device that occupies less volume.
One technique of increasing storage density is described in
a co-pending, commonly assigned U.S. patent application of
L. Forbes, entitled “A MULTI-STATE FLASH MEMORY
CELL AND METHOD FOR PROGRAMMING SINGLE
ELECTRON DIFFERENCES,” Ser. No. 08/790,903, filed
on Jan. 29, 1997, which disclosure is herein incorporated by
reference.

The 08/790,903 U.S. patent application discloses a flash
memory cell. The cell includes a transistor with a floating
gate that is formed from a number of crystals of semicon-
ductor material. The crystals are disposed in the gate oxide
of the transistor. The size of the crystals and their distance
from a surface of a semiconductor layer of the transistor are
selected such that the crystals can trap a single electron by
hot electron injection. Each trapped electron causes a mea-
surable change in the drain current of the transistor. Thus,
multiple data bits can be stored and retrieved by counting the
changes in the drain current.

One potential shortcoming of the memory cell disclosed
in the 08/790,903 U.S. patent application is that it does not
necessarily have uniformly sized crystals. Instead, the grains
have a finite grain size that may vary between individual
grains. As a result, the capacitance of individual grains may
also vary between individual grains. Even if such grains are
capable of storing only a single electron, the resulting
voltage on any particular grain may depend on the grain size.
As electrons are being stored on respective grains, the
resulting drain current may change in irregularly sized steps,
making memory states differing only by a single stored
electron difficult to distinguish. For the reasons described
above, and for other reasons that will become apparent upon
reading the following detailed description of the invention,
there is a need for a memory cell that provides more
uniformity in the step changes in drain current as single
electrons are being stored on the memory cell.

SUMMARY OF THE INVENTION

The present invention provides, among other things, a
memory cell that provides more uniformity in step changes
in drain current as single electrons are being stored on the
memory cell. In one embodiment, the invention provides a
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memory cell comprising an insulator carrying trap sites at a
density such that the trap sites are substantially shielded
from each other by intervening portions of the insulator. In
another embodiment, the invention provides a memory cell
comprising an insulator carrying point defect trap sites that
are electrically isolated from each other by intervening
portions of the insulator. In a further embodiment, the
invention provides a memory cell comprising a transistor,
including a source, a drain, a channel region between the
source and drain, a control gate, an insulator between the
control gate and the channel region, and a floating gate. The
floating gate includes point defect trap sites that are carried
by the insulator and electrically isolated from each other by
intervening portions of the insulator.

Another aspect of the invention provides memory device
comprising an array of memory cells. Each memory cell
includes a transistor in which a gate insulator carries trap
sites at a density such that the trap sites are substantially
shielded from each other by intervening portions of the
insulator. The memory device also includes addressing cir-
cuitry coupled to the array of memory cells for accessing
individual memory cells in the array of memory cells, and a
read circuit coupled to the memory cell array and reading
data from memory cells in the array of memory cells.
Another aspect of the invention provides a computer system
including the memory device as described above.

Another aspect of the invention provides a method of
storing and retrieving data. The method includes altering the
number of electrons stored on a memory cell in trap sites
carried by an insulator at a density such that the trap sites are
substantially shielded from each other by intervening por-
tions of the insulator. A resulting parameter (e.g., current,
voltage, or charge) is detected. The resulting parameter is
based on the number of electrons stored in the trap sites.

In summary, the memory cell provides point defect trap
sites in an insulator for storing data charges. Single electrons
are stored on respective point defect trap sites and a resulting
parameter, such as transistor drain current, is detected. By
adjusting the density of the point defect trap sites, more
uniform step changes in drain current are obtained as single
electrons are stored on or removed from respective trap sites.
By also adjusting the trapping energy of the point defect trap
sites, the memory cell provides either volatile data storage,
similar to a dynamic random access memory (DRAM), or
nonvolatile data storage, similar to an electrically erasable
and programmable read only memory (EEPROM). The
memory cell is used for storing binary or multi-state data.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings, like numerals describe substantially
similar components throughout the several views.

FIG. 1 is a schematic diagram illustrating generally one
embodiment of a memory cell according to one aspect of the
present invention.

FIG. 2 is a cross-sectional diagram illustrating generally
one embodiment of transistor according to one aspect of the
present invention.

FIG. 3 is a graph illustrating generally data charge reten-
tion time vs. reciprocal temperature for point defect traps in
a silicon dioxide insulator, parameterized for three different
values of trap energy.

FIG. 4 is a block diagram illustrating generally one
embodiment of a memory device that includes a memory
cell according to the teachings of the present invention.

FIG. 5 is a drawing that illustrates generally, by way of
example, but not by way of limitation, one embodiment of
a computer system according to the present invention.
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DETAILED DESCRIPTION OF THE
INVENTION

In the following detailed description of the invention,
reference is made to the accompanying drawings which
form a part hereof, and in which is shown, by way of
illustration, specific embodiments in which the invention
may be practiced. In the drawings, like numerals describe
substantially similar components throughout the several
views. These embodiments are described in sufficient detail
to enable those skilled in the art to practice the invention.
Other embodiments may be utilized and structural, logical,
and electrical changes may be made without departing from
the scope of the present invention. The terms wafer and
substrate used in the following description include any
structure having an exposed surface with which to form the
integrated circuit structure of the invention. The term sub-
strate is understood to include semiconductor wafers. The
term substrate is also used to refer to semiconductor struc-
tures during processing, and may include other layers that
have been fabricated thereupon. Both wafer and substrate
include doped and undoped semiconductors, epitaxial semi-
conductor layers supported by a base semiconductor or
insulator, as well as other semiconductor structures well
known to one skilled in the art. The term conductor is
understood to include semiconductors, and the term insula-
tor is defined to include any material that is less electrically
conductive than the materials referred to as conductors. The
following detailed description is, therefore, not to be taken
in a limiting sense, and the scope of the present invention is
defined only by the appended claims, along with the full
scope of equivalents to which such claims are entitled.

FIG. 1 is a schematic diagram illustrating generally, by
way of example, but not by way of limitation, one embodi-
ment of a memory cell 100 according to one aspect of the
present invention. Memory cell 100 is illustrated, by way of
example, as a flash memory cell. However, memory cell 100
also includes, but is not limited to, a dynamic random access
memory (DRAM) cell, a nonvolatile random access memory
(NVRAM) cell, an electrically alterable read-only memory
(EAROM) cell, a dynamic electrically alterable program-
mable read-only memory (DEAPROM), and any other simi-
lar memory cell providing either nonvolatile or volatile,
binary or multi-state (e.g., digital or quantized analog) data
storage.

Memory cell 100 includes a field-effect transistor (FET)
105 having a floating (i.e., electrically isolated) gate 110, a
control gate 115, a source 120, and a drain 125. Following
established convention, the terminals associated with the
terms “source” and “drain” are actually determined by
operating conditions of FET 105 (i.e., source 120 and drain
125 are interchangeable). A gate insulator 130 is interposed
between control gate 115 and a channel region 135 is formed
in a substrate between source 120 and drain 125. Memory
cell 100 is addressed by word line 140, or any other
conductor that is electrically coupled to control gate 115.
Data in memory cell 100 is accessed through data line 145,
or any other conductor that is electrically coupled to drain
125.

According to one aspect of the invention, floating gate 110
includes at least one trap site, such as a point defect trap site,
capable of receiving and storing an electron. According to
another aspect of the invention, floating gate 110 includes a
plurality of trap sites, such as point defect trap sites, each
trap site capable of receiving and storing only a single
electron. The trap sites are electrically isolated from each
other. In the absence of an externally applied electric field,
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the stored electrons are substantially confined to their
respective trap sites. According to another aspect of the
invention, the trap sites are distributed at a density such that
the trap sites are substantially shielded from each other by
intervening portions of the gate insulator 130.

FIG. 2 is a cross-sectional diagram illustrating generally,
by way of example, but not by way of limitation, one
embodiment of transistor, such as FET 105 in memory cell
100, according to one aspect of the present invention. In one
embodiment, gate insulator 130 is formed from amorphous
silicon dioxide. In other embodiments, gate insulator 130 is
formed from other materials, including, but not limited to:
quartz, aluminum trioxide, titanium dioxide, lithium
niobate, silicon nitride, and diamond.

In FIG. 2, floating gate 110 includes point defect trap sites
200. Each one of trap sites 200 is generally capable of
receiving and storing only a single electron. In one
embodiment, the trap sites have a cross-sectional area of
capture of approximately 107*° cm®. A number of different
techniques are used to form trap sites 200 according to the
present invention. According to one aspect of the present
invention, for example, process conditions of existing semi-
conductor fabrication steps are adjusted to obtain the desired
trap sites 200. In one embodiment, gate insulator 130 is
formed of silicon dioxide. The silicon dioxide is formed by
thermal oxidation of a silicon substrate 205. In this
embodiment, the oxidizing ambient is adjusted between O,
(dry oxidation) and H,O vapor (wet oxidation) to obtain the
desired density of trap sites 200. Alternatively, or in com-
bination with the above-described oxidation techniques, a
subsequent annealing time and annealing ambient are varied
to obtain the desired density of trap sites 200.

In another embodiment, trap sites 200 are formed by
ion-implantation of impurities, such as aluminum (Al),
silicon (Si), or arsenic (As), into gate insulator 130. Other
species of impurities may also be used. According to one
aspect of the invention, the ion-implantation energy is
adjusted such that the trap sites 200 are generally implanted
at a distance (d) from substrate, where d is approximately 5
of the thickness of the insulator between control gate 115
and substrate 205. A resulting approximately Gaussian dis-
tribution of trap sites 200 is thereby located relatively close
to the interface between gate insulator 230 and substrate
205. According to another aspect of the invention, an
ion-implant dose is adjusted for low-density disposition of
the trap sites 200, such that the trap sites 200 are generally
substantially shielded from each other by intervening por-
tions of gate insulator 130. In one embodiment, the areal
concentration of trap sites is approximately between 10*2
and 10*° trap sites 200 per cm?. As a result, particular ones
of the trap sites 200 do not substantially overlap others of the
trap sites 200. In one embodiment, the concentration of the
trap sites is adjusted to avoid agglomeration of point defect
trap sites 200 into nanocrystals of the implanted impurity.

As described above, one aspect of the invention includes
a distribution of point defect trap sites 200 serving as a
floating gate 110. The trap sites 200 are distinguishable from
a conventional floating gate transistor having a continuous
conductor as an electrically isolated floating gate. For
example, conventional floating gate transistors typically
utilize Fowler-Nordheim tunneling for transporting charge
from a floating gate to the underlying channel. By contrast,
one aspect of a transistor having a floating gate comprising
point defect trap sites is that it is characterized by Price-Sah
tunneling for transporting charge from the point defects to
the underlying channel. See, ¢.g., L. Forbes et al., “Tunnel-
ing and Thermal Emission of Electrons at Room Tempera-
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ture and Above from a Distribution of Deep Traps in SiO,, ”
IEEE Trans. On Electron Devices, Vol. 40, No. 6, pp.
1100-1103, (June 1993) and T. Nishida et al., “Tunneling
and Thermal Emission of Electrons from a Distribution of
Shallow Traps in SiO,,” Appl. Phys. Lett., Vol. 58, pp.
1262-64 (1991).

The point defect trap sites 200 are also distinguishable
from a floating gate comprising a distribution of conductive
elements, such as silicon nanocrystals, in a gate insulator,
such as described in the co-pending, commonly assigned
U.S. patent application “A MULTI-STATE FLASH
MEMORY CELL AND METHOD FOR PROGRAMMING
SINGLE ELECTRON DIFFERENCES,” Ser. No. 08/790,
903, filed on Jan. 29, 1997, which disclosure is herein
incorporated by reference. Nanocrystalline silicon grains
have a finite grain size that may vary between individual
grains. As a result, the capacitance of individual grains may
vary between individual grains. Even if such grains are
capable of storing only a single electron, the resulting
voltage on any particular grain may depend on the grain size.
As electrons are being stored on respective grains (e.g., to
represent a digital data input or an analog data input), the
resulting drain current may change in irregularly sized steps.
By contrast, the point defect trap sites 200 according to the
present invention do not have a variable grain size,
capacitance, and resulting voltage. As electrons are being
stored on their respective point defects, the drain current
changes in more regularly sized steps, allowing easy differ-
entiation between memory states, such as memory states
differing by only a single stored electron.

The point defect trap sites 200 are also distinguishable
from a floating gate comprising a heterostructure, such as a
graded bandgap structures in which several electrons are
stored in a localized potential minimum. Point defect trap
sites 200 allow storage of only a single electron. For a
particular number of memory states, less charge must be
transported to the point defect trap sites 200 than to one or
more heterostructure potential minima. As a result, the
present invention reduces oxide fatigue and increases the
reliability and cyclability of the FET memory cell 100.

According to one aspect of the present invention, the trap
sites 200 are selected to have a particular trap energy for
obtaining a desired data charge retention time (i.e., the
average time that an electron is retained on the point defect
trap site for a particular temperature) and for minimizing
erasure time (i.c., how long it takes to remove approximately
all of the stored electrons from respective point defect trap
sites by applying a large negative voltage to the control gate
of the FET). The data charge retention time is determined by
the rate at which electrons are thermally emitted from the
trap sites 200, which is described by Arrhenius Equation 1.

R, = Bel &) M

In Equation 1, R, is the thermally activated emission rate
from the traps (in reciprocal units of time), B is a constant
that is approximately independent of temperature, E is the
trap energy as measured from the conduction band of the
host insulator, k is Boltzman’s constant, and T is absolute
temperature in degrees Kelvin. B and E both depend on the
detailed physical nature of the trap and the host insulator.
FIG. 3 is a graph illustrating generally data charge reten-
tion time 300 vs. reciprocal temperature 305 for point defect
trap sites 200 in a silicon dioxide insulator, parameterized
for three different values of trap energy. Data charge reten-
tion time 300 is illustrated in units of seconds. Reciprocal
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temperature is illustrated in units of 1000/T, where T is
absolute temperature in degrees Kelvin. Line 310 illustrates
generalized experimental data from point defect traps having
an average energy of approximately 1.5 eV, as set forth in L.
Forbes et al., “Tunneling and Thermal Emission of Electrons
at Room Temperature and Above from a Distribution of
Deep Traps in SiO,,, ” IEEE Trans. On Electron Devices, Vol.
40, No. 6, pp. 1100-1103, (June 1993). Line 310 yields an
approximate value of B=1.8x10"%. Line 315 illustrates val-
ues calculated from Equation 1, using B=1.8x10"® and a trap
energy of E=1.3 eV. Line 320 illustrates values calculated
from Equation 1, using B=1.8x10"® and a trap energy of
E=2.4 eV.

In one embodiment of the present invention, the graph of
FIG. 3 is used to select a particular trap energy for obtaining
the desired data charge retention time. Point defect trap sites
200 having the desired trap energy are formed, such as using
the processing techniques described above, or any other
suitable processing technique for obtaining the desired trap
energy and corresponding data charge retention time.

For example, by selecting a trap energy of E=1.5 eV, as
illustrated by line 310, a data charge retention time estimated
at approximately 10 million seconds (2800 hours) is
obtained at point 325 at a temperature of approximately 300
degrees Kelvin (27 degrees Celsius). A data charge retention
time estimated at approximately 6000 seconds
(approximately 1.6 hours) is obtained at point 330 at a
temperature of 358 degrees Kelvin (85 degrees Celsius),
which corresponds to the highest operating temperature for
which commercial semiconductor components are typically
designed.

In another example, by selecting a trap energy of E=2.4
eV, as illustrated by line 320, a data charge retention time
estimated at approximately 10" seconds (approximately 3
million years) is obtained at point 335 at a temperature of
358 degrees Kelvin (85 degrees Celsius). At lower
temperatures, longer data charge retention times are
obtained. The long data charge retention times obtained
from this embodiment of memory cell 100 provide nonvola-
tile data storage finctionality that is comparable to an
EEPROM or magnetic hard disk drive memory. According
to another aspect of this embodiment of the present
invention, the desired trap energy is also selected based on
a desired maximum tolerable erase time (e.g., in the range of
approximately 1 second) when a negative erase voltage is
applied to control gate 115 to eject electrons from trap sites
200.

In another example, by selecting a trap energy of E=1.3
eV, as illustrated by line 315, a data charge retention time of
approximately 1 second is obtained at point 340 at a tem-
perature of 358 degrees Kelvin (85 degrees Celsius). At
lower temperatures, longer data charge retention times are
obtained. The data charge retention times obtained from this
embodiment of memory cell 100 provide volatile data
storage functionality that is comparable to a DRAM
memory. According to another aspect of this embodiment of
the present invention, the desired trap energy is also selected
based on a desired maximum tolerable erase time (e.g., in
the range of approximately 1 millisecond) when a negative
erase voltage is applied to control gate 115 to eject electrons
from trap sites 200.

Another aspect of the invention provides short write times
for data storage. For example, in one embodiment, point
defect trap sites 200 have a cross-sectional area of capture of
approximately 107> cm?®. Charge is stored on trap sites 200
by hot electron injection. For example, by providing a hot
electron injection gate current of approximately one micro-
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ampere over an area of 107® cm?, an electron flux of
approximately 10*! electrons/(cm>-sec) is obtained. Thus,
resulting write times are approximately in the microsecond
range, or even shorter.

According to one aspect of the invention, memory cell
100 is included in a memory device that provides two-state
(binary) or multi-state data storage. FIG. 4 is a block
diagram illustrating generally, by way of example, but not by
way of limitation, one embodiment of a memory device 400
that includes memory cell 100 according to the teachings of
the present invention. Memory device 400 includes first and
second arrays 405 and 410 of memory cells 100. Second
array 410 stores the state of the memory cells 100 in first
array 405 at a time prior to storing data in first array 405.
Thus, second array 410 provides a comparison basis during
a read operation for determining the number of step changes
in drain current induced during the programming of a
memory cell 100 during a write operation.

Each memory cell 100 of first array 405 is associated with
a memory cell 100 of second array 410. The associated
memory cells 100 may be accessed according to address
signals provided by an external system such as a
microprocessor, memory controller, or other external sys-
tem. Address lines 415 are coupled to first and second word
line decoders 420 and 425, and first and second data line
decoders 430 and 435. First word line decoder 420 and first
data line decoder 430 are coupled to first array 405.
Similarly, second word line decoder 425 and second data
line decoder 435 are coupled to second array 410. First and
second sense amplifiers 440 and 450 are coupled to first and
second data line decoders 430 and 435, respectively. Read
circuit 460 is coupled to first and second sense amplifiers
440 and 450. Read circuit 460 provides the output of
memory device 400.

In operation, memory device 400 writes, reads and erases
multiple bits in each memory cell 100 storage location of
first array 405.

In write mode, memory device 400 receives an address on
address line 415. Word line decoders 420 and 425 decode the
associated word line 140 for a selected memory cell 100 and
activate the corresponding word line 140. Data line decoders
430 and 435 similarly decode the data line 145 for the
desired memory cell 100. The data state of the selected
memory cell 100 in first array 405 is stored in the associated
memory cell 100 in second array 410. The selected memory
cell 100 in first array 405 is then programmed to a selected
state to store a value that represents a number of bits.

In read mode, the address of the selected memory cell 100
is similarly decoded and the associated memory cells 100 of
first and second arrays 405 and 410, respectively, are
accessed. Data line decoders 430 and 435 couple the
selected cell to sense amplifiers 440 and 450, respectively.
Read circuit 460 compares the stored value of the memory
cell 100 from first array 405 with the initial state stored in
the second array 410. The comparison results in an output
signal that represents the value of a number of bits.

FIG. 5 is a drawing that illustrates generally, by way of
example, but not by way of limitation, one embodiment of
a computer system 500 according to the present invention.
In one embodiment, computer system 500 includes a moni-
tor 505 or other communication output device, a keyboard
510 or other communication input device, as well as a
motherboard 515, carrying a microprocessor 520 or other
data processing unit and at least one memory device 400.

CONCLUSION

The invention provides, among other things, a memory
cell that uses point defect trap sites in an insulator for storing
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charge representing binary or multi-state data in volatile and
nonvolatile memories. As additional electrons are stored
upon the point defect trap sites, more uniform changes in
drain current result. Memory states differing by only a single
stored electron are more easily distinguished during a read
operation. Oxide fatigue is reduced. The reliability and
cyclability of memory cell is increased.

It is to be understood that the above description is
intended to be illustrative, and not restrictive. Many other
embodiments will be apparent to those of skill in the art
upon reviewing the above description. The scope of the
invention should, therefore, be determined with reference to
the appended claims, along with the full scope of equivalents
to which such claims are entitled.

What is claimed is:
1. A method of storing and retrieving data, the method
comprising:

altering the number of electrons stored on a memory cell
in trap sites carried by an insulator at a density such that
the trap sites are substantially shielded from each other
by intervening portions of the insulator; and

detecting a resulting parameter based on the number of
electrons stored in the trap sites, wherein the parameter
is selected from the group consisting of current,
voltage, and charge.

2. The method of claim 1, wherein altering the number of
electrons stored on a memory cell includes injecting elec-
trons onto the trap sites.

3. The method of claim 2, wherein injecting electrons onto
the trap sites is by hot-electron injection.

4. The method of claim 1, wherein altering the number of
electrons stored on a memory cell includes removing elec-
trons from the trap sites.

5. The method of claim 4, wherein removing electrons
from the trap sites is by Price-Sah tunneling.

6. The method of claim 1, further comprising the step of
reading a data state based on the detected resulting param-
eter.

7. The method of claim 1, further comprising the step of
reading a number of possible data states based on the
detected resulting parameter, wherein the number of pos-
sible data states corresponds to the number of trap sites.

8. The method of claim 1, wherein altering the number of
electrons is based on a digital input.

9. The method of claim 1, wherein altering the number of
electrons is based on an analog input.

10. A method of storing and retrieving data, the method
comprising:

altering the number of electrons stored on a memory cell

in trap sites carried by an insulator at a density such that
the trap sites are substantially shielded from each other
by intervening portions of the insulator and wherein the
trap sites are capable of capturing no more than one
electron; and

detecting a resulting parameter based on the number of

electrons stored in the trap sites, wherein the parameter
is selected from the group consisting of current,
voltage, and charge.

11. The method of claim 10 wherein altering the number
of electrons stored on a memory cell includes injecting
electrons onto the trap sites.

12. The method of claim 11, wherein injecting electrons
onto the trap sites is by hot-electron injection.



US 6,246,606 B1

9

13. The method of claim 10, wherein altering the number
of electrons stored on a memory cell includes removing
electrons from the trap sites.

14. The method of claim 13, wherein removing electrons
from the trap sites is by Price-Sah tunneling.

15. The method of claim 10, further comprising the step
of reading a data state based on the detected resulting
parameter.

16. The method of claim 10, further comprising the step
of reading a number of possible data states based on the

10

detected resulting parameter, wherein the number of pos-
sible data states corresponds to the number of trap sites.

17. The method of claim 10, wherein altering the number
5 of electrons is based on a digital input.
18. The method of claim 10, wherein altering the number

of electrons is based on an analog input.
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