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CONTROLLED PLACEMENT OF DOPANTS IN MEMRISTOR ACTIVE
REGIONS

TECHNICAL FIELD

Embodiments of the present invention are related to nanoscale memristor devices.

BACKGROUND

Significant research and development efforts are currently directed towards
designing and manufacturing nanoscale electronic devices, such as nanoscale memories.
Nanoscale electronics promises significant advances, including significantly reduced
features sizes and the potential for self-assembly and for other relatively inexpensive,
non-photolithography-based fabrication methods. However, the design and manufacture
of nanoscale electronic devices present many new problems compared with the current
state-of-the-art.

- Studies of switching in nanometer-scale transition-metal devices have previously
reported that these devices could be reversibly switched and had an “on-to-off”
conductance ratio of ~10°. These devices have been used to construct crossbar circuits
and provide a promising route for the creation of ultra-high density non-volatile memory.
A series connection of crossbar switches that can be used td fabricate, fdr example, latch
circuit elements has also been demonstrated, which is an important component for logic
circuits and for communication between logic and memory. New logic families that can
be constructed entirely from crossbar arrays of resistive switches or as hybrid structures
composed of resistive switches and transistors have been described. These new logic
families have the potential to dramatically increase the computing efficiency of CMOS
circuits, thereby enabling performance improvements of orders of magnitude without
having to shrink transistors, or to even replace CMOS for some applications if necessary.
However, it is desired to improve the perfdrmance of the devices that are presently

fabricated.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1A shows a memristor device configured in accordance with embodiments

of the present invention.
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Figure 1B shows primary and secondary active material layers in an active region
of a memristor device condifigured in accordance with embodiments of the present
invention.

Figure 2A shows electronic band diagrams representing electronic properties of
Schbttkly-like and Ohmic-like barriers at an electrode and active region interface in
accordance with embodiments of the present invention.

Figure 2B shows profiles of tunneling barriers associated with four rectifiers
configured in accordance with embodiments of the'present invention.

Figure 2C shows plots of current-versus-voltage curves associated with the four
rectifiers shown in Figure 2B and three modes of switching between pairs of the rectifiers
in accordance with embodiments of the present invention.

Figure 3 shows layers and formation of an ideal memristor device.

Figure 4 shows enlarged grains comprising a second electrode of a second

memristor device.

Figure 5A shows a first memristor device configured in accordance with
embodiments of the present invention.

Figure 5B shows a plot'of oxygen vacancy concentration within an active region
of the device shown in Figure 5A in accordance with embodiments of the present
invention.

Figure 5C shows a plot of vacancy concentration within an active region between
a first electrode and a second electrode where a material is implanted in the second
electrode in accordance with embodiments of the present invention.

Figure 6A shows a second memristor device configured in accordance with
embodiments of the present invention.

| Figure 6B shows a plot of oxygen vacancy concentration within an active region
of the device shown in Figure 6A in accordance with embodiments of the present
invention. |

Figure 7 shows a third memristor device configured in accordance with.

embodiments of the present invention.
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Figure 8 shows a fourth memristor device configured in accordance with
embodiments of the present invention.

Figure 9 shows a fifth memristor device configured in accordance with
embodiments of the present invention.

Figure 10 shows an isometric view of a nanowire crossbar array configured in
accordance with embodiments of the present invention.

Figure 11 shows an isometric view of a nanowire crossbar revealing devices
located at intersection of a crossbar configured in accordance with embodiments of the

present invention.

DETAILED DESCRIPTION

Various embodiments of the present iﬁvention are directed to nanoscale,
electronic devices, which are nonvolatile and combine reconfigurable diode rectifying
states with memristive switching. A memristor device éonﬁgured in accordance with
embodiments of the present invention is composed of an active region sandwiched
between two electrodes. The two interfaces between the active region and the electrodes
are Schottky-like contacts. This multilayered junction is a diode that can be switched
into one of four different rectifying states by applying an electrical field of an appropriate
magnitude and polarity across the active region. The electric field changes the
electrostatic potential distribution near the interfaces to have Ohmic-like barriers and/or
Schottky-like barriers, thus enabling the active region to be re-configured so the device
can operate as one of the following four ‘types of rectifiers: a forward rectifier, a reverse
rectifier, a shunted rectifier, and a head-to-head rectifier. The active region remains in a
particular rectifying state provided operating voltages applied to the devicé do not exceed
the magnitude of the electric field used to switch the rectifying state of the active region.

The active region is likely operated by positioning and repositioning dopants,
which modify the electrical conductivity of the active region. Traditionally dopants are
formed in the active region via chemical agents that thermally diffuse through one of the
electrodes to an interface between the electrode and the active region. However, the

grains comprising the electrode can be too large to allow a sufficient amount of agents to
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reach the interface. As a result, dopants fail to form in sufficient concentrations. In
addition, the amount and distribution of the formed dopants are random and difficult to
control. Embodiments of the present invention are directed to memristor devices with an
active region that includes a selectively and controllably implanted dopant region or a
selectively and controllably implanted material that forms a dopant region within the
active region.

The detailed description is organized as follows: A description of electronically
actuated devices is provided in a first subsection. A description of switching the
rectifying state of the devices is provided in a second subsection. Various materials that
can be used to fabricate the devices are provided in a third subsection. An example

implementation of the devices in crossbar arrays is provided in a fourth subsection.

1. An Electronically Actuated Device

Figure 1A shows a memristor device 100 configured in accordance with
embodiments of the present invention. The device 100 is composed of three layers: an
active region 102 sandwiched between a first electrode 104 and a second electrode 106.
The first electrode 104 is connected to a voltage source 108 and the second electrode is
connected to a ground 110. The active region 102 is a diode that includes a dopant.
Applying an electric field of an appropriate magnitude and polarity changes the position
of the dopant. As a result, the active region 102 can be operated as one of the four
different types of rectifiers: a forward rectifier, a reverse rectifier, a head-to-head
rectifier, and a shunted rectifier.

Figure 1B shows the active region 102 is composed of a primary active region or
layer 112, and a secondary active region or layer 114 in accordance with embodiments of
the present invention. The primary active region 112 comprises a thin film of a material
that is electronically semiconducting or nominally electronically insulating and can also
be a weak ionic conductor. The primary active material is capable of tranporting and
hosting ions that act as dopants in order to control the flow of electrons or current through
the device 100. On the other hand, the secondary active material comprising the

secondary active region 114 typically comprises a film within the active region that is a
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source of dopants for the primary active material. These dopants may be impurity atoms
such as hydrogen or some other cation, such as alkali or transition metals, that acts as
electron donors for the primary active material. Alternatively, the dopants can be anion
vacancies, which in the primary active material are charged and therefore are also
electron donors for the lattice of the active region 102. It is also possible to drive the
anions into the primary active material, which become electron acceptors or hole donors.

The basic mode of operation is to apply an electrical field of an appropriate
magnitude and polarity across the active region 102. When the magnitude and polarity of
the electrical field, also called a “drift field,” exceeds a threshold, the dopants become
mobile in the primary active material, and the dopants can drift into or out of the primary
active material via ionic transport from the secondary material. The ionic species are
specifically chosen from those that act as electrical dopénts for the primary active
materiél, and thereby change the resistance of the primary active material. For example,
applying a drift field that introduces dopants from the secondary active material into the
primary active material lowers the resistance of the primary active material, while
applying a drift field that drives dopants from the primary active material into the
secondary active material increases the resistance of the primary active material.  In
addition, the primary active material and the dopants are chosen such that the drift of the
dopants into or out of the primary active material is possible but not too facile that
dopants can diffuse into or out of the primary active material when no voltage is applied.
Some diffusion resistance is required to ensure that the active region 102 remains in a
particular rectifying state for a reasonable period of time, perhaps for many years at room
temperature. This ensures that the active region 102 is nonvolatile because the active
region 102 retains its rectifying state even after the drift field has been removed.
Applying a drift field with a large enough magnitude causes both electron current and
dopants to drift, whereas applying operating voltages with lower relative voltage
magnitudes than the drift field cauées negligible dopant drift enabling the device to retain
its rectifying state during operation.

The device 100 is a memristor because the resistance changes in a non-volatile

fashion depending on the amount and distribution of charge in the device. Memristance
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is a non-volatile, charge-dependent resistance denoted by m(g). The term “memristor”

is short for “memory resistor.” Memristors are a class of passive circuit elements that
maintain a functional relationship between the time integrals of current and voltage. This
results in resistance varying according to the device's memristance function. Specifically
engineered memristors provide controllable resistance useful for switching current. The
memristor is a special case in so-called “memristive systems,” described as a class of
mathematical models useful for certain empirically observed phenomena, such as the
firing of neurons. The definition of the memristor is based solely on fundamental circuit
variables, similar to the resistor, capacitor, and inductor. Unlike those more familiar
elements, the necessarily nonlinear memristors may be described by any of a variety of
time-varying functions. As a result, memristors do not belong to Linear Time-
Independent circuit models. A linear time-independent memristor is simply a
conventional resistor.

A memristor is a element in which the 'magnetic flux' (defined as an integral of
bias voltage over time) @ between the terminals is a function of the amount of electric
charge g that has passed through the device. Each memristor is characterized by its
memristance function describing the chairge-dependent rate of change of flux with chargé

as follows:
do
ma)="2r

Based on Faraday's law of induction that magnetic flux @ is the time integral of voltage,

and charge ¢ is the time integral of current, the memristance can be written as
14
m(q)=—
(9)=7

Thus, as stated above, the memristance is simply nonvolatile charge-dependent
resistance. When m(q) is constant, the memristance reduces to Ohm's Law R = V/I.
When m(q) is not constant, the equation is not equivalent to Ohm’s Law because ¢ and

m(q) can vary with time. Solving for voltage as a function of time gives:

V(1) =miq ()11 ()
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This equation reveals that memristance defines a linear relationship between
current and voltage, as long as charge does not vary. However, nonzero current implies
instantaneously varying charge. Alternating current may reveal the linear dependence in
circuit operation by inducing a measurable voltage without net charge movement, as long
as the maximum change in ¢ does not cause change in m. Furthermore, the memristor is
static when no current is applied. When I(¢) and V(¢) are 0, m(¢) is constant. This is the
essence of the memory effect. |

The material comprising the primary active layer 112 can be single crystalline,
poly-crystalline, nanocrystalline, nanoporous, or amorphous. The mobility of the dopants
in nanocrystalline, nanoporous or amorphous materials, however, is much higher than in
bulk crystalline material, since drift can occur through grain boundaries, pores or through
local structural imperfections in a nanocrystalline, nanoporous, or amorphous material.
Also, because the primary active material is relatively thin, the amount of time needed for
dopants to drift into or out of the primary active material enébles the primary active
materials conductivety to be rapidly changed. For example, the time needed for a drift
process varies as the square of the distance covered, so the time to drift one nanometer is
one-millionth the time to drift one micrometer.

The primary active layer 112 and the secondary active layer 114 are contacted on
either side by metal electrodes 104 and 106, or one of the electrodes can be composed of
a semiconductor material and the other a metal. When the active region 102 is composed
of a semiconductor material, the contact between a metal electrode and the active region
102 depletes the active region 102 of free charge carriers. Thus, the net charge of the
active region 102 depends on the identity of the dopant and is positive in the case of
electron donors and negative in the case of electron acceptors.

The ability of the dopant to drift in and out of the primary active material is
substantially improved if one of the interfaces connecting the active region 102 to a metal
or semiconductor electrode is non-covalently bonded. Such an interface may be
composed of a material that does not form covalent bonds with the electrode, the primary
active material, or both. This non-covalently bonded interface lowers the activation

energy of the atomic rearrangements that are needed for drift of the dopants in the



10

15

20

25

WO 2010/085225 PCT/US2009/000516

primary active material. This interface is essentially an extremely thin insulator, and
adds very little to the total series resistance of the device.

One potentially useful property of the primary active material is that it can be a
weak ionic conductor. The definition of a weak ionic conductor depends on the

application for which the device 100 is designed. The mobility u, and the diffusion

constant D for a dopant in a lattice are related by the Einstein equation:

D = p,kT
where £ is Boltzmann’s constant, and T is absoulte temperature. Thus, if the mobility x,

of a dopant in a lattice is high so is the diffusion constant D. In general, it is desired for
the active region 102 of the device 100 to maintain a particular rectifying state for an
amount of time that may range from a fraction of a second to years, depending on the
application. Thus, it is desired that the diffusion constant D be low enough to ensure a
desired level of stability, in order to avoid inadvertently turning the active region 102
from one rectifier to another rectifier via ionized dopant diffusion, rather than by
intentionally setting the state of the active region 102 with an appropriate voltage.

Therefore, a weakly ionic conductor is one in which the dopant mobility x4, and the

diffusion constant D are small enough to ensure the stability or non-volatility of the
active region 102 for as long as necessary under the desired conditions. On the other
hand, strongly ionic conductors would have relatively larger dopant mobilities and be

unstable against diffusion.

II. Non-volatile Memristive Switching of the Device
In certain embodiments, the active region 102 can be operated so that Ohmic and
Shottky barriers are created to control the flow of charge carriers through the active
region 102. However, the traditional description of electrode/semiconductor Schottky
and Ohmic barriers does not apply to a nanoscale device 100 because the materials
comprising the electrodes 104 and 106 and the active region 102 are structured at the
nanoscale. As a result, the structural and electronic properties are not averaged over the

large distances for which the theory of metal-semiconductor contacts is developed.
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Instead, the electronic properties of undoped electrode/active region interfaces can
electronically resemble Schottky barriers and are called “Schottky-like barriers,” and the
electronic properties of doped electrode/semiconductor interfaces electronically resemble
Ohmic barriers and are called “Ohmic-like barriers.”

Conduction of electrons through the active region 102 occurs via quantum
mechanical tunneling through the Ohmic-like barrier. Figure 2A shows electronic band
diagrams that represent the electronic properties of Schottky-like and Ohmic-like barriers
at an electrode 201/active region 102 interface in accordance with embodiments of the
present invention. As shown in band diagram 202, when the active region 102 near an
electrode 201 has a low dopant concentraion or is essentially intrinsic, the tunneling
barrier is a Schottky-like barrier 203, which can be characterized as high and wide and
electrons cannot tunnel into the conduction band of the active region 102. Thus, the
conductivity through the active region 102 is low and the device 100 is in the “off” state.
On the other hand, as shown in band diagram 204, when a sufficient number of dopants
have been moved into the active region 102 near one of the electrodes 201, the tunneling
barrier is an Ohmic-like barrier 205 and the width and perhaps the height of the tunneling
barrier are dimished, electrons tunnel into the conduction band of the active region 102,
which results in an increase in the conductivity, and the device 100 is in the “on” state.

Each of the four rectifiers corresponds to a different dopant distribution. When
the dopant is located at or near an electrode/active region interface, the interface has an
Ohmic-like barrier. Thus, charge carriers can readily tunnel through the Ohmic-like
barrier into and out of the active region 102. On the other hand, an undoped portion of
the active region 102 at or near an electrode/active region interface has a Schottky-like
barrier that is either too high or wide to permit most charge carriers from tunneling
through the active region 102. Figure 2B shows the relative locations of the Ohmic-like
and Schottky-like barriers associated with each of the four rectifiers in accordance with
embodiments of the present invention. A forward rectifier 206 and a reverse rectifier 207
have Ohmic-like barriers and Schottky-like barriers located at opposite interfaces. A
head-to-head rectifier 208 is characterized by having the dopants distributed within the

active region 102 leaving Schottky-like barriers at both interfaces. On the other hand, a
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shunted rectifier 209 is characterized by having dopants located at or near both interfaces
creating Ohmic-like barriers at both interfaces.

Figure 2C shows schematic profiles of the four rectifiers 211-214 of the active
region 102 and three modes of switching between pairs of rectifiers in accordance with
embodiments of the present invention. In addition to the four rectifiers 211-214, Figure
2C includes circuit diagrams 215-218 and I-V characteristic plots 220-223 that are
associated with each of the four rectifiers 211-214. Each of the four rectifiers 211-214 of
the device 100 represents a different profile distribution of dopants, and therefore, has a
different associated I-V characteristic represented in each of the plots 220-223.
Electrode/active region contacts are typically Ohmic-like in the case of heavy doping,
and rectifying or Schottky-like in the case of low doping. Thus, the concentration of
dopants at an interface determines the electronic behavior, and therefore, the transport of
charge carriers through the active region 102. The four different rectifiers 211-214 are
identified as a forward rectifier, a reverse rectifier, a shunted rectifier, and a head-to-head
rectifier, respectively, and were described above with reference to Fig. 2B. The
rectifying state properties of each of these rectifiers depend on the distribution of dopants
within the active region 102.

The plots 220-223 of the I-V characteristic curves reveal the response of the
device 100 to different operating voltage polarities and magnitudes. In particular, plot
220 reveals that when the device 100 is configured as the forward rectifier 211, current
flows from the first electrode 104 to the second electrode for positive polarity voltages
exceeding a voltage 224 and resistance is large for negative polarity voltages. Plot 221
reveals that when the device 100 is configured as the reverse rectifier 212, current flows
from the second electrode 106 to the first electrode 104 for negative polarity voltages
exceeding a voltage 225 and resistance is large for positive polarity voltages. Plot 222
reveals that when the device 100 is configured as the shunted rectifier 213, current
substantially flows undisturbed through the device 100 for positive and negative polarity
voltages with magnitudes exceeding voltages 226 and 227. Finally, plot 223 reveals that
when the device 100 is configured as a head-to-head rectifier 214, the resistance of the

device 100 is high for positive and negative polarity voltages between voltages 228 and
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229. Note that plots 220-223 show only operating voltage ranges. In other words, the
magnitudes of voltages applied to the rectifiers 211-214 represented in plots 220-223 are
not large enough to change the rectifier to a different rectifier or destroy the device 100.

The dopants are mobile under an appropriate drift field because the active region
102 may only be a few nanometers thick. The reconfiguration of the dopant profiles due
to the drift of dopants under a drift field leads to electrical switching between the four
rectifiers. As shown in Figure 2C, shunting is switching between the forward rectifier
211 and the shunted rectifier 213. In this switching, interface 230 is heavily doped and
remains Ohmic-like with negligible changes during the electrical biasing. A bias with an
appropriate polarity and magnitude on the first electrode 104 attracts a portion of the
dopants to the interface 232, switching the device from the forward rectifier 211 to the
shunted rectifier 213. A bias with an opposite polarity and approximately the same
magnitude switches the shunted rectifier 213 back to the forward rectifier 211. Of
course, the switching between the reverse rectifier 212 and the shunted rectifier 213 also
belongs to this type of switching, indicated by diagonal arrow 234.

Opening is switching between the reverse rectifier 212 and the head-to-head
rectifier 214. In this case, the undoped interface 230 remains unchanged and only the
doped interface 4232 is switched. The undoped interface contains few dopants and
remains rectifying instead of Ohmic-like. A bias of an appropriate polarity and
magnitude on the first electrode 104 forces dopants away from the interface 232 and
switches the reverse rectifier 212 into the head-to-head rectifier 214, and vice versa. The
switching between the forward rectifier 211 and the back-to-back rectifier 214 is also
opening.

Inverting between the forward rectifier 211 and the reverse rectifier 212 involves
simultaneously applying oppositely polarized biases to the electrodes 104 and 106. For
example, switching from the forward rectifier 211 to the reverse rectifier 212 is
accomplished by applying oppositely polarized biases to the electrodes 104 and 106 to
force dopants away from the interface 230 and attract dopants to the interface 232.
Switching from the reverse rectifier 212 to the forward rectifier 211 is accomplished by

applying oppositely polarized biases to the electrodes 104 and 106 to force dopants away



10

"~ 15

20

25

WO 2010/085225 PCT/US2009/000516
12

from the interface 232 and attract dopants to the interface 230. Therefore, the dopant
profile across the active region 102 is essentially inverted and so is the rectifying

orientation, resulting in a switching between a reverse rectifier and a forward rectifier.

I11. Device Composition and Operation

The material of the primary active layer 112 can be composed of an oxide having
at least one oxygen atom (“0O”) and at least one other element. In particular, the primary
active layer 112 can be composed of any of titania (“TiO,”), zirconia (“Zr0O,”), and
hafnia (“HfO;”). These materials are compatible with silicon (“Si”) integrated circuit
technology because they do not create deep level dopants in Si. Other composition
embodiments for the active region 102 include alloys of these oxides in pairs or with all
three of the elements Ti, Zr, and Hf present. For example, the primary active layer can be

composed of Ti,Zr,Hf.O,, where x+y+2z=1. Related compounds include titanates,

zirconates, and hafnates. For example, titanates includes ATiO3, where A represents one
of the divalent elements strontium (“Sr”), barium (“Ba”) calcium (“Ca”), magnesium
(“Mg”), zinc (“Zn”), and cadmium (“Cd”). In general, the primary active layer can be
composed of ABO;, where A represents a divalent element and B represents Ti, Zr, and
Hf. The primary active layer can also be composed of alloys of these various

compounds, such as Ca,Sr;Ba.Ti,Zr,Hf.O3, where a+b+c=1 and x+y+z=1. There

are also a large variety of other oxides of the transition and rare earth metals with
different valences that may be used, both individually and as more complex compounds.
In each case, the mobile dopant is an oxygen vacancy, denoted by Vo. An oxygen
vacancy effectively acts as a positively charged n-type dopant with one shallow and one

deep energy level. For example, because even a relatively minor nonstoichiometry of

about 0.1% oxygen vacancies in TiO,.. is approximately equivalent to 5x10
dopants/cm3, modulating oxygen vacancy profiles have strong effect on electron
transport.

In other embodiments, the primary active layer can be composed of a nitride

having at least one nitrogen atom and at least one other element. For example, the
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primary active layer can be composed of, but is not limited to, Si3Ns, BesN,, P3Ns, TiN,
Li;N, and a large variety of other nitrides. The mobile dopant can be a nitrogen vacancy.

In other embodiments, the primary active layer can be composed of a sulfide
having at least one sulfur atom and at least one other element. For example, the primary
active layer can be composed, but is not limited to, CdS, PbS, ZnS, CS,, and a large
variety of other sulfides. The mobile dopant can be a sulfur vacancy.

In other embodiments, the primary active layer can be composed of a carbide
having at least one carbon atom and at least one other element. For example, the primary
active layer can be composed, but is not limited to, Na,C,, CaC,, LaC,, LisC3, MgyCs,
B4C, SiC, and a large variety of other carbides. The mobile dopant can be a carbon
vacancy. _

The electrodes 104 and 106 can be composed of platinum, gold, copper, tungsten,
or any other suitable metal, metallic compound (e.g. some perovskites such as BaTiO;
and Ba; «La,TiO3; PrCaMnOs3) or semiconductor.

Note that in the following description “M” represents one of the following
materials: Ti, Hf, Zr, Ti,Zr,Hf., ATi, AB, and Ca,Sr,BaTi,Zr,Hf; described above, and
any other non-oxygen portion of an oxide, any non-nitrogen portion of a nitride, any non-
sulfur portion of a sulfide, or any non-carbon portion of a carbide. Also, the letter “V”
represents a vacancy, such as an oxygen vacancy, a nitrogen vacancy, a sulfur vacancy,
or carbon vacancy..

Figure 3 shows the composition of layers traditionally employed in forming the
primary and secondary active regions of an oxide-based active region of a memristor
device 300. The device 300 comprises a first electrode 301 deposited on a primary active
layer 302 which is deposited on a second electrode 303. The second electrode 303 is
deposited on an M-layer 304 comprising a material M. The M-layer 304 is deposited on
an insulation layer 305, such as SiO,, which is deposited on a silicon layer 306. For the
sake of illustration, the granular structure of the second electrode 303 is represented.
Ideally the grains of the second electrode 303 are small enough for the material M to
thermally diffuse through the second electrode 303 along the grain boundaries to an
interface 308 between the primary active layer 302 and the second electrode 303, as
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indicated by directional arrows 310-313. The material M can also diffuse a short distance
into the primary active layer 302. The material M located along the interface 308 reacts
with the oxide creating a relatively high concentration of oxygen vacancies V in a region
314 near the second electrode 303. The region 314 corresponds to the secondary active
layer of an active region 318.

However, in practice, the grains comprising the second electrode 303 may vary in
size, and in many cases, the size of the grains may be large enough to prevent a sufficient
amount of the material M from thermally diffusing into the interface 308. Figure 4 shows
enlarged grains comprising a second electrode 402 of a memristor device 400, where the
grains of the second electrode 402 are large enough to preveht a sufficient amount of the
material M from reaching the interface 308. As a result, only a small fraction of the
oxygen vacancies needed to create a secondary active region of oxygen vacancies
actually forms near the interface 308, the secondary active layer fails to fully form, and
the device 400 is rendered inoperable.

Certain embodiments of the present invention are directed to a material M

- implanted or diffused into the primary active layer. The material forms a corresponding

secondary active layer with a high concentration of vacancies. Figure 5A shows a
memristor device 500 with a vacancy region formed near an electrode in accordance with
embodiments of the present invention. The vacancy region can be formed in a number of
different ways. In certain embodiments, the device 500 can be formed by depositing the
material M 502 on the second electrode 303 followed by depositing a primary active
layer 504 over the material 502. In other embodiments, the material 502 can be
implanted near the second electrode 303 within the primary active layer 504 using ion
i.mplantation. As shown in Figure 5A, the material M reacts with the oxide material of
the primary active layer 504 creating a relatively high concentration of vacancies within a
region 506 adjacent to the second electrode 303. In still other embodiments, ion
implantation can be used to implant the material M in either the first electrode 301 or the
second electrode 303 forming an alloy electrode. Suppose, for example, the material M
is ion implanted in the second electrode 303. The material M located at the interface

between the second electrode 303 reacts with the oxide of the primary active layer 504
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forming the region 506 adjacent to the second electrode 303. In other embodiments, the
material M implanted in the second electrode 303 can diffuse from the second electrode
303 into the primary active layer 504 forming the region 506. The region 506
corresponds to the secondary active layer of an active region 508. The vacancies can
then be distributed to form various rectifiers as described above with reference to Figure
2. In other embodiments, the material M can be implanted within the top portion of the
primary active layer 504 or within the first electrode 301 to form the region 506 between
the first electrode 301 and the oxide layer 504. In other embodiments, a first amount of
material M can be implanted near the first electrode and a second amount of material M
can implanted near the second electrode to form a first vacancy region located adjacent to .
the first electrode 301 and a second vacancy region located adjacent to the second
electrode 303.

Figure 5B shows a plot of vacancy concentration within the active region 508
between the first and second electrodes 301 and 303 where the material M is implanted
near the second electrode 303 in accordance with embodiments of the present invention.
Axis 510 represents the concentration of vacancies, and axis 512 represents the height of
the active region 510 between the first and second electrodes. Point 514 identifies the
interface between the first electrode and the primary active layer 504, and point 516
identifies the interface between the second electrode 303 and the primary active layer
504. Curve 518 represents the concentration of vacancies between the electrodes 301 and
303 within the active region 508 shown in Figure SA. Curve 518 reveals a relatively high
concentration of vacancies formed near the second electrode 502 corresponding to the
region 506. Curve 518 also reveals that the concentration of vacancies rapidly decreases
away from the region 506.

Figure 5C shows a plot of vacancy concentration within the active region 508
between the first and second electrodes 301 and 303 where the material M is implanted in
the second electrode 303 in accordance with embodiments of the present invention.
Curve 520 reveals a relatively high concentration of vacancies formed near and at the
interface between the second electrode 502 and the primary active layer 504

corresponding to the region 506.
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In other embodiments, a vacancy region can be formed anywhere within the
primary active layer and away from the first and second electrodes 301 and 303. Figure
6A shows a memristor device 600 with a vacancy region formed within the active region
in accordance with embodiments of the present invention. The device 600 is similar to
the device 500 except the device 600 can be formed by depositing primary active layer
material on the second electrode 303 followed by using ion implantation to implant a
material M 604 within the primary active layer resulting in a first primary active layer
602 and a second primary active layer 606 sandwiching the material M 604. The material
in the material M 604 reacts with the material comprising the adjacent primary active
layers 602 and 606 forming a vacancy region 608 between the primary active layers 602
and 606. The region 608 corresponds to the secondary active layer of an active region
610.

Figure 6B shows a plot of oxygen vacancy concentration within the active region
610 between the first and second electrodes 301 and 303 in accordance with
embodiments of the present invention. Curve 612 reveals a relatively high concentration
of vacancies produced near the center of active region 610 corresponding to the region
608. Curve 612 also reveals that the concentration of vacancies rapidly decreases away
from the region 608 toward the first and second electrodes 301 and 303.

In other embodiments, implantation can also be used to implant a species that
reduces vacancies in a layer composed of a material having a high initial concentration of
vacancies. Figure 7 shows a memristor device 700 with vacancy regions by implanting
species that reduce vacancies in a TiO, layer in accordance with embodiments of the
present invention. Initially, as shown in Figure 7, a layer 702 is composed of a vacancy
material TiO,«. Implantation is used to form an oxygen (“0,”) rich layer 704 within the
Ti(')z.x layer 702. The oxygen forms a vacancy deficient TiO, layer.706 between TiO;
layers 702. The TiO; layer 706 corresponds to a primary active layer and the layers TiO,.
x layers 702 form secondary active layers. Note that in other embodiments, the oxygen
layer 704 can be implanted anywhere within the TiO,« layer. The same technique can be

applied to nitrides, sulfides, and carbides.
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Embodiments of the present invention are not limited to forming a single vacancy
region, as described above with reference to Figures 5-6. In other embodiments, more
than one material M can be implanted in the primary active layer between the electrodes
301 and 303, where the material M are each separated by primary active layer material.

In other embodiments, the material M located adjacent to the primary active layer
302 and the electrode interface can diffuse into the primary active layer and serve as the
dopant.

In other embodiments, the primary active layer material can be a semiconducting
nitride or a semiconducting halide. For example, semiconducting nitrides include AIN,
GaN, ScN, YN, LaN, rare earth nitrides, and alloys of these compounds and more
complex mixed metal nitrides, and semiconducting halides include CuCl, CuBr, and
AgCl. The primary active layer material can also be a phosphide or an arsenide of
various transition and rare earth metals. In all of these compounds, the mobile dopant in
the secondary active layer can be an anion vacancy or an aliovalent element.

In other embodiments, the primary active layer 302 can also be composed of a
semiconductor material including various combinations of direct and indirect
semiconductors. The indirect and direct semiconductors can be elemental and compound
semiconductors. Indirect elemental semiconductors include Si and germanium (Ge), and
compound semiconductors include III-V materials, where Roman numerals III and V
represent elements in the Illa and Va columns of the Periodic Table of the Elements.
Compound semiconductors can be composed of column IIla elements, such as aluminum
(Al), gallium (Ga), and indium (In), in combination with column Va elements, such as
nitrogen (N), phosphorus (P), arsenic (As), and antimony (Sb).  Compound

semiconductors can also be further classified according to the relative quantities of III

and V elements. For example, binary semiconductor compounds include semiconductors

with empirical formulas GaAs, InP, InAs, and GaP; ternary compound semiconductors
include semiconductors with empirical formula GaAs,P;., where y ranges from greater
than 0 to less than 1; and quaternary compound semiconductors include semiconductors
with empirical formula In,Ga,.zAs,P;,, where both x and y independently range from

greater than O to less than 1. Other types of suitable compound semiconductors include
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II-VI materials, where II and VI represent elements in the IIb and VIa columns of the
periodic table. For example, CdSe, ZnSe, ZnS, and ZnO are empirical formulas of
exemplary binary II-VI compound semiconductors. Other II-VI semiconductor materials
can be used.

The mobile dopants in a semiconductor-based primary active layer 302 can be p-
type impurities, which are atoms that introduce vacant electronic energy levels called
“holes” to the electronic band gaps of the active region. These dopants are also called
“electron acceptors.” The mobile dopants can be n-type impurities, which are atoms that
introduce filled electronic energy levels to the electronic band gap of the active region.
These dopants are called “electron donors.” For example, boron (B), Al, and Ga are p-
type dopants that introduce vacant electronic energy levels near the vafence band of Si;
and P, As, and Sb are n-type dopants that introducé filled electronic energy levels near
the conduction band of Si. In II-V compound semiconductors, column VI dopants
substitute for column V sites in the III-V lattice and serve as n-type 'dopants, and column
II dopants substitute for column III atoms in the III-V lattice to form p-type dopants.

Figure 8 shows a memristor device 800 configured in accordance with
embodiments of the present invention. The device 800 is analogous to the device 500
except the device 800 includes a first alloy electrode 802. In this embodiment, the
primary active layer 804 is composed of a semiconductor, and the alloy electrode 802 can
be formed by co-deposition of the metal and a semiconductor dopant denoted by “D,” or
the dopant can be implanted. The dopant can have concentrations in excess of about 10"
dopants/cm3 while more heavy doping of the alloy electrode 802 can have dopant
concentrations in excess of about 10'? dopants/cm’. After the alloy electrode 802 is
formed, the dopants located near interface 806 diffuse a short distance into the primary
active layer 804 creating a relatively high concentration of dopants within a region 808
adjacent to the alloy electrode 802. The region 808 corresponds to the secondary active
layer of an active region 810.

Figure 9 shows a memristor device 900 configured in accordance with
embodiments of the present invention. The device 900 is analogous to the device 800

except the semiconductor dopants are implanted within the semiconductor-based primary
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active layer 804 forming a region 902. The region 902 corresponds to the secondary

active layer of an active region 904.

IV. Nanowire Implementations

The memristor devices 500, 600, 700, 800, and 900 can be implemented at
nanowire intersections of nanowire crossbar arrays. Figure 10 shows an isometric view
of a nanowire crossbar array 1000 configured in accordance with embodiments of the
present invention. The crossbar array 1000 is composed of a first layer of approximately
parallel nanowires 1002 that are overlain by a second layer of approximately parallel
nanowires 1004. The nanowires of the second layer 1004 are approximately
perpendicular, in orientation, to the nanowires of the first layer 1002, although the
orientation angle between the layers may vary. The two layers of nanowires form a
lattice, or crossbar, each nanowire of the second layer 1004 overlying all of the nanowires
of the first layer 1002 and coming into close contact with each nanowire of the first
layer 1002 at nanowire intersections that represent the closest contact between two
nanowires.

Although individual nanowires in Figure 10 are shown with rectangular cross
sections, nanowires can also have square, circular, elliptical, or more complex cross
sections. The nanowires may also have many different widths or diameters and aspect
ratios or eccentricities. The term “nanowire crossbar” may refer to crossbars having> one
or more layers of sub-microscale wires, microscale wires, or wires with larger
dimensions, in addition to nanowires. The layers can be fabricated by mechanical
nanoimprinting téchniques, photolithography, and electron beam lithography.
Alternatively, nanowires can be chemically synthesized and can be deposited as layers of
approximately parallel nanowires in one or more processing steps, including Langmuir-
Blodgett processes. Other alternative techniques for fabricating nanowires may also be
employed. Thus, a two-layer nanowire crossbar comprising first and second layers, as
shown in Figure 10, can be manufactured by any of numerous relatively étraightforward
processes. Many different types of conductive and semi-conductive nanowires can be

chemically synthesized from metallic and semiconductor substances, from combinations
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of these types of substances, and from other types of substances. A nanowire crossbar
may be connected to microscale address-wire leads or other electronic leads, through a
variety of different methods in order to incorporate the nanowires into electrical circuits.
At nanowire intersections, nanoscale electronic components, such as resistors, and other
familiar basic electronic components, can be fabricated to interconnect two overlapping
nanowires. Any two nanowires connected by a device is called a “crossbar junction.”

Figure 11 shows an isometric view of a nanowire crossbar 1100 revealing an
intermediate layer 1102 disposed between a first layer of approximately parallel
nanowires 1104 and a second layer of approximately parallel nanowires 1106 in
accordance with embodiments of the present invention. The layer 1102 is composed of
sub-layers 1108 and 1110. The sub-layer 1108 can be composed of an undoped primary
active material, and the sub-layer 1110 can be composed of a doped secondary active
material, respectively.- The material comprising the layer 1102 and dopants are selected
as described in subsection III to form devices 1112-1115 at each nanowire intersection.
The nanowires can be composed of suitable metal of semiconductor materials and serve
as electrodes. For example, sub-layer 1108 can be composed of TiO;, a relatively thin
sub-layer 1110 composed of TiO,.,, where oxygen vacancies in the sub-layer 1110 are
dopants formed as described above with reference to Figures 5-9, and the nanowires in
the layers 1104 and 1106 can be composed of Pt. The device 1114 comprises a nanowire
1116 in the first layer 1104, a nanowire 1117 in the second layer 1106, and a region 1118
within the layer 1102 between the nanowires 1116 and 1117. Each of the devices 1112-
1115 can be operated separately to produce the forward, reverse, shunted, and head-to-
head rectifiers described above with reference to Figure 2.

The foregoing description, for purposes of explanation, used specific

nomenclature to provide a thorough understanding of the invention. However, it will be

apparent to one skilled in the art that the specific details are not required in order to
practice the invention. The foregoing descriptions of specific embodiments of the present
invention are presented for purposes of illustration and description. They are not
intended to be exhaustive of or to limit the invention to the precise forms disclosed.

Obviously, many modifications and variations are possible in view of the above
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teachings. The embodiments are shown and described in order to best explain the
principles of the invention and its practical applications, to thereby enable others skilled
in the art to best utilize the invention and various embodiments with various
modifications as are suited to the particular use contemplated. It is intended that the

scope of the invention be defined by the following claims and their equivalents:
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CLAIMS

1. A device (500,600) comprising:
an active region (508,610) sandwiched between a first electrode (301) and a
second electrode (302), the active region including a non-volatile dopant region

(506,608) selectively formed and positioned within the active region.

2. The device of claim 1 wherein the non-volatile dopant regidn selectively formed
and positioned within the active region further comprises a material capable of forming

the dopant region selectively and controllably implanted within the active region.

3. The device of claim 1 wherein the non-volatile dopant region selectively formed
and positioned within the active region further comprises a material capable of forming
the dopant region selectively implanted within one or both of the electrodes such that the

material diffuses into the active region and forms the dopant region.

4, The device of claim 1 wherein the active region (510,610) further comprises:

a primary active layer (112,504,606,602) comprising at least one second material
for transporting dopants that control the flow of charge carriers through the device; and

a secondary active layer (114,506,608) comprising the dopant region and

providing a source/sink of dopants for the primary active region.

5. The device of claim 4 wherein the dopant further comprises one or more of: an
oxygen vacancy, a nitrogen vacancy, a sulfur vacancy, a carbon vacancy, and an anion

vacancy.

6. The device of claim 4 wherein the second material is electronically

semiconducting, nominally electronically insulating, or weakly ionic conducting.
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7. The device of claim 4 wherein the primary active layer (112,508,608) further
comprises a film having an electrical conductivity that is capable of being reversibly
changed from a relatively low conductivity to a relatively high conductivity as a function

of the dopants drifting into or out of the at least one primary active region.

8. The device of claim 4 wherein the second material for the primary active layer are
selected from the group consisting of titanates, zirconates, hafnates, lanthanates,
manganites, other suitable alloys of these oxides in pairs or with oxides present together,
and compounds of the type A”'B*'0;”, where A represents at least one divalent element

and B represents at least one of titanium, zirconium, and hafnium.

9. The device of claim 4 wherein the second material for the primary active layer
can be a semiconducting nitride, a semiconducting halide, an elemental semiconductor, or
a compound semiconductor, and the material selectively and controllably implanted

further comprises an aliovalent element, a p-type impurity, and an n-type impurity.

10.  The device of claim 4 the second material for the primary active layer and

secondary active layer can be a nitride, sulfide, phosphide or a carbide

11.  The device of claim 1 the dopant region can be selectively positioned further
comprises the dopant region selectively positioned within the active region to control the

flow of charge carriers through the device determines the device resistance.

12.  The device of claim 1 wherein the dopant region can be selectively positioned
further comprises the dopant region positioned near an electrode/active region interface
making the interface Ohmic-like and the dopant positioned away from an electrode/active

region interface making the interface Schottky-like.

13.  The device of claim 1 further comprising two or more separate layers of the

material ‘selectively and controllably implanted in the device.
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14. A crossbar (700,800) comprising:
a first layer (702,804) of substantially parallel nanowires;
a second layer (704,806) of substantially parallel nanowires overlaying the first

layer of nanowires; and

at least one nanowire intersection (812-815) forming an electronic device

configured in accordance with claim 1.

15.  The crossbar of claim 14 wherein the first and second layers further comprise a
metal or the first layer of nanowires further comprise a semiconductor and the second

layer of nanowires further comprises a metal.



WO 2010/085225

110

_—@~ 108

100 3
3
1% Elestrade
104
Active
region
102

| 2 Efectrode

108 110

Figure 1A

100
3

%

1* Electrode
104
s A 112

Primary

chve materiagl y
At . / | 1 1 4

region /
/ Secondary
4 052 material

2™ Electrode

106

o

Figure 18

SUBSTITUTE SHEET (RULE 26)

o

PCT/US2009/000516



WO 2010/085225 PCT/US2009/000516

203 e 202 /
/ { 205 V
Jo ,
<&
S conduction band -, A\,/
o =
@ o conduction band
Tt — o, 5
& A FAVAVASS o o
2 2
o p
‘g band gap g
i3 i
valence band £y valence band [
Distange: Distance
£ \{ @ Lo {
s = { b =
O o \ et &)
o 2 b -
G E= 8 &
I o 2 i
i s tH G
i ‘
: -\ : ;
[ [ ( 4
201 102 : n 201 102
Figure 2A
Forward Heverse Head-to-head Shutad
rectifier rectifier rectifier rectifier

1¥ Electrode

19 Electrode
104

Ohmic-like
102

Schottky-like

2™ Elecirode
108

i

206

1 Blegtrods
104

1 Electrode
104

Schottky-like

182

Ohnicstike

Schottky-like

i

1)

Sehottky-like

2" Electrode
106

2™ Electrode
106

N

]
O T g i
92

Figure 2B

SUBSTITUTE SHEET (RULE 26)

104

Ohmic-like

102

Ohmic-ike

2" Blectrode
108

|

208




PCT/US2009/000516

WO 2010/085225

310

gLz
8zZ —
A / . /@
622 ~
A«/
\
N
ozz |
A e
S, e
%u NNN N‘—.N
m ®
N AA

~yz 2nbi

Jaynoe BT R ’
pROY-OFPEOH 1 ¢ CoeseAdY 7L gL7 ¢
0L _ oL 7
L == ) = ¢ =7
&poNS|H : (| adAL  opaiosi3 pa— 2
n 0€Z 1 pedopun /
padopu w G7T
201 souoa Buitedo 7)) MN
padopun 1 o x
‘ AT AN S J
. dpoIpsiy . apanoa ) V2%
{
0L 2
s =
gl )
£ )
2 =
%01 o
BPOIRBE . apanosg
cee
padog paded _
b Zob ay
<ot vZZ
SHHE - 3
pator | 2oz ). . padopin w N
! Spoasig | mn_%.m, i m_wc‘xu@_w e J % - \«.
{ «/ ‘ ( ﬁ % K
0L w0l sz f
mywsr e sy LLZ -
pEjinusg DIEMIO Y

SUBSTITUTE SHEET (RULE 26)



PCT/US2009/000516

WO 2010/085225

 eunbi.4 ¢ 2Inbid

4/10

SUBSTITUTE SHEET (RULE 26)

iS ‘ 15 ,v 15
508 _ S0¢ | woe
QI8 ‘ ‘QIg , TOig
7ot | _ P | 708
o ae | ?E\\\ —Oke \\ 3
|/ “\m\uww | sle— AR B es ) e ases
mﬁ 7 |fsponosis EM\;_\ __ Wmn@‘;am_m mcmm k SRR spoisop , 2
. el £0E ——fouEs Soeseliiics B0E TR
Z0r ¥ - Bl o7 > ; ¢ !
A S A LN A
80€ ~ cot gog — 1 A" | 80€ 20E
|eusigw sl ‘ ] |eusiEw
ABuil o vie jeusieu - 8ke ATE UM o
Aretud
91¢ <
, Y.
ToE - Toe 1 Toe
SpOIOBD L = 8pOovI8 | SpPONOBIS |

007 T ooe



WO 2010/085225

PCT/US2009/000516
510
500 ~\ 500 Y
1™ slectrode 1% electrode
1 | ] 301
-
B 50\ Primary
Primary ~ ateria
materia 502 | materl

Znd 2nd
electrode glectrode
303 303
Si0; Si0;
305 | 7 305
Si St
306 306
Figure A
514 ' 514
1% glectrode __f'/ 1 electrode._
512— 512
£ E
o =
@ 5]
= ot
5 | s |
g | g |l
o \ 3} \
= = 1
T | B\
< 518 < \/520
\<’/ - "
sosw{ e 5osm{ e
2% electrode i Vacancy | S 2" glectrode i Vacancy | 8
516 concentration 510 516 concentration 510

Figure 5B Figure 5C

SUBSTITUTE SHEET (RULE 26)



WO 2010/085225

PCT/US2009/000516
600 8/10 600 .
\ §/ ,
1% electrode 1% electrode
T 301
: 4
Primary Primary
material 1 matenal
606 604 506 608
610 <

7% glectrode

Primary Primary
Material | Material
602 o802

2™ alactrode

303 303
Si0, Si0; |
Si Si
306 308
Figure
514
1 eieiﬁrﬁdeﬁ_f/ ‘
512—
=
2 |
5 812
g}: — ;
%’ g
2
<
™ alpctrode ' ]
Vacancy {
516 concentration 510

Figure 6B
SUBSTITUTE SHEET (RULE 26)



PCT/US2009/000516

WO 2010/085225

7/10

90¢
1S

Gog
018

0t
oponosle 2

0L
“2OIL

NN

904
“O1L

0L
0L

1o¢

apoioels |

%

004

5

S0E
oS

€0E

BpoI0aIe T

Z07
FLOIL

4874
oL

10¢€

aponoe® |

—

- 004

—

uopeueidu
0

sponoels 2

207
“oiL

10e

spoNoBle |

~

SUBSTITUTE SHEET (RULE 26)

004



PCT/US2009/000516

WO 2010/085225

8/10

\
¢06

6 SInbid

Q0%
1S

|

0%
20IS

-

0%
BPONOIIS T

708
jeusien
Arewiid

z
2 57%

10€
SpoNIBIB i

<

> P06

809 —t

908

a0¢
s

So¢
golts

£0E

oponoels 7

708
jeee
Alelilldd

<08

apONIRIS |

~ 006

9 2inbi-

> 018

908 ]

80¢e
'S

GO¢
‘oIS

0L
SPOROHS 7

08
jeusieul
ABWIN

4 4

asEs G

sponpsle

o8

—

"

~ 008

SUBSTITUTE SHEET (RULE 26)



WO 2010/085225 PCT/US2009/000516

910

Figure 10

SUBSTITUTE SHEET (RULE 26)



PCT/US2009/000516

WO 2010/085225

10/10

Ll ®inbi4

)
F . A
- § i ]
\\ \\\\s\ \\‘ i : H e - H
PR R nZ L | il il 4
1 i prid P # "y T
i | e _\\\,\\“ " “ \X\N,_\w,_.f “\\ 1
t I - - i 1" /
4 [ P T \.\“ AT
: boms® CLLL eZg o : s \\..p
)’
- [ 7
L ) o

e

ZoLl

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT International application No.
PCT/US2009/000516

A. CLASSIFICATION OF SUBJECT MATTER

HOIL 21/265(20006.01)i, HO1L 29/40(2006.01)i, HOIL 27/115(20006.01)i, HO1L 21/8247(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
IPC HO1L

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean Utility models and applications for Utility models since 1975
Japanese Utility models and applications for Utility models since 1975

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
eKOMPASS(KIPO Internal) & Keyword: electrode, doping, and active

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 2008-0079029 A1 (R. STANLEY WILLIAMS) 03. April 2008 1-15
See the Abstract; Paragraph [0001] - Paragraph [0107]; Claims 1-20; Figures 1A-12.

A US 2005-0006640 A1 (WARREN B. JACKSON et al.) 13 January 2005 1-15
See the Abstract; Paragraph [0001] - Paragraph [0046]; Claims 1-32; Figures 1-11.

A US 07220983 B2 (HSIANG LAN LUNG) 22 May 2007 1-15
See the Abstract; Claims 1-16; Figures 1-13.

|:| Further documents are listed in the continuation of Box C. IE See patent family annex.

* Special categories of cited documents: "T" later document published after the international filing date or priority

"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention

"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive

"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is

"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art

"P"  document published prior to the international filing date but later "&" document member of the same patent family

than the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report
28 AUGUST 2009 (28.08.2009) 28 AUGUST 2009 (28.08.2009)
Name and mailing address of the ISA/KR Authorized officer .
' Korean Intellectual Property Office
Government Complex-Daejeon, 139 Seonsa-ro, Seo- Lee, Byul Sup
. gu, Daejeon 302-701, Republic of Korea
Facsimile No. 82-42-472-7140 Telephone No.  82-42-481-8497

Form PCT/ISA/210 (second sheet) (July 2008)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No.

PCT/US2009/000516
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2008-0079029 A1 03.04.2008 US 2008-0090337 A1 17.04.2008
WO 2008-108822 A2 12.09.2008
WO 2008-108822 A3 12.09.2008
US 2005-0006640 A1 13.01.2005 None
US 07220983 B2 22.05.2007 CN 1787224 CO 14.06. 2006
CN 100379011 C 02.04.2008
CN 1787224 A 14.06. 2006
US 2006-0124916 A1 15.06. 2006

Form PCT/ISA/210 (patent family annex) (July 2008)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - wo-search-report
	Page 38 - wo-search-report

