(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
18 April 2019 (18.04.2019)

(10) International Publication Number

WO 2019/074944 Al

WIPO I PCT

(51) International Patent Classification:
HO1L 43/12 (2006.01)

(21) International Application Number:
PCT/US2018/055042

(22) International Filing Date:
09 October 2018 (09.10.2018)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
15/728.,839 10 October 2017 (10.10.2017)  US

(71) Applicant: HEADWAY TECHNOLOGIES, INC.
[US/US], 678 South Hillview Drive, Milpitas, CA 95032
(Us).

(72) Inventors: PATEL, Sahil; 514 Deerpoint Terrace, Fre-
mont, CA 94536 (US). WANG, Yu-Jen; 5655 Mireille Dri-
ve, San Jose, CA 95118 (US). SHEN, Dongna; 1278 Aber-
ford Drive, San Jose, CA 95131 (US).

(74) Agent: ACKERMAN, Stephen B.; Saile Ackerman LLC,
28 Davis Avenue, Poughkeepsie, NY 12603 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AQ, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FL, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

(54) Title: HIGH TEMPERATURE VOLATILIZATION OF SIDEWALL MATERIALS FROM PATTERNED MAGNETIC TUN-

NEL JUNCTIONS

25t 15t 15

o ( ( {
35{250 g 25b
\"‘— 20

\ | dz

L )]
101 y 1 11 T ——2a
( i 10

11 12 13 14

FIG. 5

w0 2019/074944 A1 |0 0000 000000 0 0 0

(57) Abstract: A process flow for forming and encapsulating magnetic tunnel junction (MTJ) nanopillars is disclosed wherein MTJ
layers including a reference layer (RL), free layer (FL), and tunnel barrier layer (TB) are first patterned by reactive ion etching or
ion beam etching to form MTJ sidewalls. A plurality of MTlJs on a substrate is heated (annealed) at a station in a process chamber
to substantially crystallize the RL, FL, and TB to a body centered cubic (bcc) structure without recrystallization from the edge of the
device before an encapsulation layer is deposited thereby ensuring lattice matching between the RL and TB, and between the FL and
TB. The encapsulation layer is deposited at the same station as the anneal step without breaking vacuum, and preferably using a physical
vapor deposition to prevent reactive species from attacking MTJ sidewalls. Magnetoresistive ratio is improved especially for MTJs
with critical dimensions below 70 nm.
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HIGH TEMPERATURE VOLATILIZATION OF SIDEWALL MATERIALS FROM
PATTERNED MAGNETIC TUNNEL JUNCTIONS

RELATED PATENT APPLICATIONS

This application is related to U.S. application serial number 15/463,113, filing
date 3/20/17; U.S. application serial number 15/479,572, filing date 4/5/17; and
Docket No. HT17-005, serial number 15/595/484, filing date 5/15/17; assigned to

a common assignee and herein incorporated by reference in their entirety.

TECHNICAL FIELD

The present disclosure relates to a method of improving the
magnetoresistive ratio for magnetic tunnel junctions (MTJs) in memory devices,
and in particular to a high temperature process for removing volatile residue
from MTJ sidewalls and crystallizing the ferromagnetic electrodes that may be
performed in the same process chamber used to deposit an encapsulation layer

that is employed to fill the gaps between adjacent MTJs.

BACKGROUND

Perpendicularly magnetized magnetic tunnel junctions (p-MTJs) are a major
emerging technology for use in embedded magnetic random access memory
(MRAM) applications, and in standalone MRAM applications. STT-MRAM is a
p-MTJ technology using spin-torque for writing of memory bits that was
described by C. Slonezewski in “Current driven excitation of magnetic
multilayers”, J. Magn. Magn. Mater. V 159, L1-L7 (1996). P-MTJ technologies
are highly competitive with existing semiconductor memory technologies such
as SRAM, DRAM, and flash.

P-MTJs have a general structure wherein an insulating tunnel barrier is
sandwiched between two magnetic layers. One of the magnetic layers is called
the reference layer and has a magnetization fixed in an out-of-plane direction in
the (+y) direction, for example, when the plane of the magnetic layer is formed
along the x-axis and z-axis directions. The second magnetic layer called the

free layer also has an out-of-plane magnetization with a direction that is free to
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be either parallel in a (+y) direction (P state) or anti-parallel in a (-y) direction
(AP state). The difference in resistance between the P state (Rp) and AP state
(Rap) can be characterized by the equation (Rap-Rp)/Rp that is also known as
DRR or the magnetoresistive (MR) ratio. It is important for p-MTJ devices to
have a large DRR value since this property is directly related to the read margin
for the memory bit, or the ease of differentiating between the P state and AP
state (0 or 1 bits).

To compete with high speed embedded RAM technologies, patterned p-
MTJs in the form of nanopillars must be fabricated into high density arrays with
single bits that can be written at high speed (< 100ns) at low writing currents.
An encapsulation layer made of a dielectric material is typically deposited to fill
gaps between adjacent p-MTJ nanopillars to electrically insulate the devices. To
achieve the goal of low writing currents, total volume “V” in the free layer must
be reduced, which is most easily achieved by reducing the physical dimensions
of the p-MTJ. One or both of the x-axis and z-axis dimensions may be reduced
when a thickness of each p-MTJ layer is in the y-axis direction. Moreover, the
thickness of the free layer may be reduced to shrink V. However, as the
physical dimensions decrease, the effect of current conductance through “edge”
or sidewall regions of the p-MTJ nanopillar becomes more pronounced. These
edge regions are of particular importance as crystal structure damage from
etching, encapsulation, and annealing processes may greatly affect critical
device properties such as free layer coercivity (Hc), DRR, and resistance-area
product (RA).

For embedded MRAM designs, p-MTJ devices are subject to 400°C
annealing for a plurality of hours due to Complementary Metal Oxide
Semiconductor (CMOS) back-end-of-line (BEOL) processes. Therefore,
thermal stability of the encapsulation layer/p-MTJ interface is of extreme
importance, especially for devices with a critical dimension proximate to 100
nm or less. Furthermore, a process flow for etching MTJ sidewalls is desired
that substantially reduces sidewall damage for devices with a diameter or
critical dimension (CD) around 45 nm or less where a significant portion of
device current flows near the encapsulation layer/p-MTJ interface. This
interface may be modified by exposure to reactive species during etching to

form the p-MTJ sidewalls, and during deposition of the encapsulation layer.
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Furthermore, any process steps performed between p-MTJ etching and
encapsulation may influence the integrity of the p-MTJ sidewalls, as well as the
crystal structure and chemical composition of films that constitute the p-MTJ
nanopillar thereby enhancing or degrading overall p-MTJ bit performance.

In order for p-MTJs to be more competitive with competing memory
technologies, DRR must be substantially improved while maintaining the other

critical device properties during BEOL processing.
SUMMARY

One objective of the present disclosure is to provide a process flow from p-
MTJ etching through formation of an encapsulation layer adjoining p-MTJ
sidewalls that enhances DRR while maintaining other critical p-MTJ properties
in memory devices including MRAM and STT-MRAM.

A second objective of the present disclosure is to perform the process flow
of the first objective with tools and methods that are compatible with fabrication
of p-MTJ nanopillars having critical dimensions proximate to 100 nm or less.

According to a preferred embodiment, these objectives are achieved with a
process flow wherein an MTJ stack of layers is patterned to form a plurality of
MTJ nanopillars each having a sidewall that stops on a substrate such as a
bottom electrode, and then a high temperature anneal step and encapsulation
step are sequentially performed at the same station in a process chamber
without breaking a vacuum. The MTJ stack has at least a reference layer, free
layer, and a tunnel barrier between the free layer and reference layer, and an
uppermost layer that may be a hard mask. In preferred embodiments, the free
layer (FL) and reference layer (RL) each comprise an amorphous CoFeB layer
adjoining an amorphous MgO tunnel barrier. The anneal comprises a vacuum
of less than 1 x 10”7 Torr and a temperature between 250°C and 350°C, and
may be of sufficient duration to enable a substantial portion of the free layer,
reference layer, and tunnel barrier to crystallize to a lattice matching structure
before the encapsulation process fills the gaps between adjacent MTJ
sidewalls. For example, a body centered cubic (bcc) crystal structure may be
formed in each of the RL and FL due to recrystallization of the RL and FL from

the tunnel barrier interface in order to promote a larger DRR value. In the
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preferred embodiment with RL and FL containing CoFeB and the tunnel barrier
comprised of MgO, the (001) texture of the rock-salt MgO layer serves as a
template to recrystallize adjoining CoFeB layers forming a coherent interface
between the RL and the tunnel barrier, and between the tunnel barrier and the
FL crystals. As a result of this anneal step after etching and prior to
encapsulation, crystal growth in the MTJ nanopillar is not influenced by the
crystal structure in the subsequently deposited encapsulation layer thereby
ensuring coherent lattice structure between the RL and tunnel barrier, and
between the FL and tunnel barrier.

In some embodiments, the annealing and encapsulation steps are
performed on a heated electrostatic chuck with backside Ar gas pressure to
improve the heating rate and uniformity on the substrate. Here, the annealing
step may be considered to be a first part of an encapsulation process since
both of the annealing and subsequent dielectric layer deposition on MTJ
sidewalls are performed in the same chamber with no intervening step. In
preferred embodiments, the encapsulation step to form a dielectric layer
adjoining MTJ sidewalls is accomplished with a physical vapor deposition (PVD)
method to avoid attack on MTJ sidewalls that tends to occur with reactive
species generated by a PECVD or CVD method. The encapsulation
temperature may be between 250°C and 400°C, and the annealing step prior
to encapsulation has sufficient duration to allow crystallization of the RL and FL
and to improve tunnel barrier crystallinity before the encapsulation layer is
deposited.

In one embodiment, the MTJ stack is patterned by a reactive ion etch (RIE)
process using an overlying hard mask pattern to protect unexposed portions of
the MTJ stack. There may be a sputter etch following the RIE to remove
damaged portions of MTJ sidewall before the anneal step. In an alternative
embodiment, an ion beam etch (IBE) is employed to transfer a pattern in a hard
mask through the MTJ stack to form MTJ sidewalls.

In some embodiments, encapsulation of the MTJ nanopillars includes a first
step compriéing PVD to form a first encapsulation layer with a thickness of 20 to
200 Angstroms that adjoins the MTJ sidewalls, and a second deposition step to
form a second encapsulation layer with a thickness up to 2000 Angstroms that

completely fill the gaps between adjacent MTJs. The second deposition step
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may involve CVD or PECVD that has better gap filling capability than PVD.
Once the encapsulation process is finished, a chemical mechanical polish
(CMP) process is generally performed to remove all layers above the hard
mask thereby forming a MTJ nanopillar top surface that is coplanar with the
surrounding one or more encapsulation layers. From a top-down view, the MTJ
nanopillars are configured in rows and columns, and appear as circular or

elliptical shapes, for example.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional view of a p-MTJ stack of layers on which a
photoresist pattern has been formed, and shows ions used to transfer the
pattern through an underlying BARC or DARC during an etch sequence
according to an embodiment of the present disclosure.

FIG. 2 is a cross-sectional view of the p-MTJ stack in FIG. 1 after an etch
process transfers the pattern through the uppermost hard mask p-MTJ layer
according to an embodiment of the present disclosure.

FIG. 3 is cross-sectional view of a p-MTJ nanopillar after an etch process
transfers the hard mask pattern through the remaining p-MTJ stack according to
an embodiment described herein.

FIG. 4 is a cross-sectional view of the p-MTJ nanopillar in FIG. 3 after an
annealing step is performed on a heated electrostatic chuck according to an
embodiment of the present disclosure.

FIG. 5 is a cross-sectional view of the p-MTJ nanopillar in FIG. 4 following
deposition of an encapsulation layer on the heated electrostatic chuck, and
planarization to electrically isolate the p-MTJ nanopillar from adjacent MTJ
nanopillars.

FIG. 6 is a top-down view of a plurality of p-MTJ nanopillars having a circular
shape in an array of rows and columns according to one embodiment of the
present disclosure.

FIG. 7 is a flow diagram showing a sequence of steps of forming and
encapsulating a plurality of p-MTJ nanopillars according to an embodiment of

the present disclosure.
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FIG. 8 is a flow diagram showing a sequence of steps of forming and
encapsulating a plurality of p-MTJ nanopillars according to another embodiment
of the present disclosure.

FIG. 9 is a plot of magnetoresistive ratio vs. p-MTJ size that compares p-
MTJs that have been reactive ion etched and encapsulated with a conventional
process flow to p-MTJs that were processed according to the process flow in
FIG. 8.

FIG. 10 is a plot of magnetoresistive ratio vs. p-MTJ size that compares p-
MTJs that have been ion beam etched and encapsulated with a conventional
process flow to p-MTJs that were processed according to the process flow in
FIG. 7.

DETAILED DESCRIPTION

The present disclosure provides a process flow for etching a MTJ stack of
layers to form a MTJ nanopillar, performing a high temperature anneal, and
encapsulating the MTJ nanopillars such that DRR is substantially improved
compared with conventional process flows. Although only one MTJ nanopillar is
depicted in the drawings with cross-sectional views, one skilled in the art
appreciates that a plurality of MTJ nanopillars is formed in an array of rows and
columns in a typical memory device pattern. A process is defined as a method
that includes one or more steps, and a process flow according to the present
disclosure refers to two or more processes in succession. Thus, a MTJ etch
process to form a MTJ nanopillar may comprise multiple etch steps. Moreover,
an encapsulation process that fills gaps between adjacent MTJ nanopillars may
include a plurality of steps including annealing, and depositing one or more
dielectric layers at a single station in a process chamber. The MTJ nanopillars
may be formed in memory devices including MRAM and STT-MRAM, or in
spintronic devices such as a spin torque oscillator (STO), magnetic sensors,
and biosensors.

In related patent application serial number 15/595,484, we disclosed a
volatilization treatment at 50°C to 450°C between a MTJ etch process and

encapsulation that was useful in removing residue from MTJ sidewalls.
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Conversion of a non-volatile metal residue to a volatile form with a chemical
treatment was preferably accomplished before the volatilization treatment. Now
we have discovered that incorporating an anneal step into an encapsulation
process following MTJ etch provides a continuous process flow without
breaking a vacuum in the encapsulation process chamber and thereby enables
further improvement in DRR for MTJ nanopillars. Performing the annealing step
and encapsulation step in the same process chamber, without breaking
vacuum, is critical, as it prevents the exposure of the naked MTJ sidewall to
reactive gases present in the atmosphere, such as water and oxygen.

Referring to FIG. 1, a MTJ stack of layers 1 that will eventually become a
MTJ nanopillar in a MRAM or STT-MRAM is shown from a cross-sectional view.
The y-axis is perpendicular to the planes of the layers in the MTJ stack. There
is a substrate 10 that in one embodiment is a bottom electrode in a memory
device. The bottom electrode may be a multilayer structure and is typically
embedded in a dielectric layer (not shown). It should be understood that the
present disclosure encompasses all MTJ configurations and is not limited to the
MTJ stack shown herein.

MTJ stack 1 is deposited on the substrate 10 and in the exemplary
embodiment has a bottom spin valve configuration wherein an optional seed
layer 11, reference layer 12, tunnel barrier 13, free layer 14, and hard mask 15
are sequentially formed on the substrate. Each of the reference layer and free
layer preferably have PMA with a magnetization aligned in a positive or
negative y-axis direction. In other embodiments, at least one additional layer
may be included in the aforementioned MTJ stack such as a Hk enhancing
layer between the free layer and hard mask that enhances PMA in the free
layer (FL) by introducing an additional FL/metal oxide interface. The seed layer
may be comprised of one or more of NiCr, Ta, Ru, Ti, TaN, Cu, Mg, or other
materials typically employed to promote a smooth and uniform grain structure in
overlying layers.

The reference layer 12 may have a synthetic anti-parallel (SyAP)
configuration represented by AP2/Ru/AP1 where an anti-ferromagnetic coupling
layer made of Ru, Rh, or Ir, for example, is sandwiched between an AP2
magnetic layer and an AP1 magnetic layer (not shown). The AP2 layer, which is

also referred to as the outer pinned layer is formed on the seed layer while AP1
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is the inner pinned layer and typically contacts the tunnel barrier. AP1 and AP2
layers may be comprised of CoFe, CoFeB, Co, or a combination thereof. In
other embodiments, the reference layer may be a laminated stack with inherent
PMA such as (Co/Ni),, (CoFe/Ni),, (Co/NiFe),, (Co/Pt),, (Co/Pd),, or the like
where n is the lamination number. Furthermore, a transitional layer such as
CoFeB may be inserted between the uppermost layer in the laminated stack
and the tunnel barrier layer to provide a CoFeB interface with the tunnel barrier
layer thereby enhancing DRR for MTJ 1.

The tunnel barrier layer 13 is preferably a metal oxide that is one of MgO,
TiOx, AITiO, MgZnO, Al,O3, Zn0O, ZrOx, HfOx, MgAIO, or MgTaO. More
preferably, MgO is selected as the tunnel barrier layer because MgO provides
the highest magnetoresistive ratio (DRR), especially when sandwiched between
two CoFeB layers, for example. It is believed that high DRR is achieved with a
CoFeB/MgO/ CoFeB RF/tunnel barrier/FL stack because of lattice matching
wherein each of the aforementioned layers grow a bcc structure with a (001)
orientation, for example, when crystal growth from an amorphous state is not
interrupted by factors favoring a different crystal structure. Moreover, DRR is
enhanced by the well-known spin filtering effect of MgO tunnel barriers.

The free layer 14 may be Co, Fe, CoFe, or an alloy thereof with one or both
of B and Ni, or a multilayer stack comprising a combination of the
aforementioned compositions. In another embodiment, the free layer may have
a non-magnetic moment diluting layer such as Ta, W, Mo, Ti, Al, or Mg inserted
between two CoFe or CoFeB layers that are ferromagnetically coupled. In an
alternative embodiment, the free layer has a SyAP configuration such as
FL1/Ru/FL2 where FL1 and FL2 are two magnetic layers that are
antiferromagnetically coupled, or is a laminated stack with inherent PMA
described previously with respect to the reference layer composition.

The hard mask 15 is also referred to as a capping layer and is typically
comprised of one or more of Ta, Ru, TaN, Ti, TiN, and W. It should be
understood that other hard mask materials including MnPt may be selected in
order to provide high etch selectivity relative to underlying MTJ layers during an
etch process that forms MTJ nanopillars with sidewalls that stop on the bottom
electrode. All layers in the MTJ stack may be deposited in a DC sputtering

chamber of a sputtering system such as an Anelva C-7100 sputter deposition
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system that includes ultra-high vacuum DC magnetron sputter chambers with
multiple targets and at least one oxidation chamber. Usually, the sputter
deposition process involves an argon sputter gas and a base pressure between
5x10®and 1 x 10° torr.

Once all of the layers 11-15 are deposited, a conventional process is used
to pattern MTJ stack 1. According to one embodiment of the present disclosure,
a bottom antireflective coating (BARC) or dielectric antireflective coating
(DARC) layer 16, and a photoresist layer 17 are sequentially coated on the top
surface 15t of the hard mask. BARC or DARC with top surface 16t has a
refractive index that minimizes reflection of light during the subsequent
patternwise exposure of the photoresist layer thereby enabling more uniform
island shapes with less CD variation to be formed in the photoresist layer. Next,
a conventional patternwise exposure and developer sequence is employed to
form a pattern in the photoresist layer that comprises a plurality of islands each
with sidewall 20. As indicated later by a top-down view in FIG. 6, the islands are
in an array with a plurality of rows and columns. However, only one island is
shown in FIG. 1 in order to simplify the drawing. Each island has a critical
dimension w1 that in some embodiments is between 45 nm and 100 nm, and in
other embodiments may approach 30 nm or less that corresponds to the CD
required in state of the art memory devices. Note that some devices are circular
such that w1 is formed in both of the x-axis and z-axis directions. However, the
top-down shape of island 17 may be an ellipse or a polygon such that the z-axis
dimension is different from the x-axis dimension.

In one embodiment, the etch process employed to pattern MTJ stack 1
comprises a plurality of etch steps. During the initial etch step 30, an IBE with a
noble gas that is one or more of Ar, Kr, Xe, or Ne is used to transfer the pattern
in the photoresist layer through the BARC or DARC layer 16 thereby
reproducing the shape of island 17 in the underlying layer. However, the first
etch step may be a RIE (instead of IBE) that comprises a fluorocarbon or
chlorocarbon gas to transfer the island shape in photoresist layer 17 through
the BARC or DARC layer 16. Accordingly, sidewall 20 is formed and extends
from a top surface of the photoresist layer to a top surface 15t of the hard mask
15, and CD w1 is duplicated in the DARC or BARC layer. The photoresist layer
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may then be removed with a well known method, or is etched away during
subsequent etch processes.

Referring to FIG. 2, a second etch step 31 is performed to transfer the island
shape with sidewall 20 and CD w1 through the hard mask 15. In some
embodiments, a second IBE with a noble gas, or a second fluorocarbon or
chlorocarbon based RIE may be used. However, in other embodiments, the
present disclosure anticipates that the conditions employed for etch step 31 are
essentially the same as applied in etch step 30 such that the etch transfer
through the hard mask may be a continuation of the etch transfer through
DARC or BARC layer 16. In other words, etch step 30 in FIG. 1 may be
continued until stopping on top surface 14t of the free layer. As mentioned
earlier, etching through the hard mask is likely to remove any remaining
photoresist layer 17 because the etch rate through the latter is generally high
relative to that of the hard mask, and the hard mask may be substantially
thicker than the remaining photoresist layer once etch step 30 clears the
exposed DARC or BARC layer 16.

Referring to FIG. 3, the etch process of the present disclosure continues
with etch step 32 that effectively transfers the island shape in the hard mask
through all of the underlying MTJ layers 11-14 thereby forming MTJ nanopillar
1a. Etch step 32 may comprise IBE conditions or RIE conditions, or a
combination of RIE and IBE hereinafter referred to as RIBE. Thus, IBE is
considered to include a physical component represented by noble gas ions
such as Ar ions, and RIE is based on a chemical component comprising ions of
a chemical species that are generated by applying RF power to sustain a
plasma. Moreover, RIBE comprises both of a noble gas and one or more
chemicals including methanol, ethanol, NH3;, and CO which are fed into an etch
chamber while a plasma is induced with a RF power at a temperature usually
proximate to room temperature. Preferably, ions in etch step 32 are directed
perpendicular to the top surface of the substrate along the y-axis direction to
avoid a horizontal component that could reduce the CD significantly below w1.
As a result, sidewall 20 is a continuous surface extending from a top surface
15t of hard mask 15 to top surface 10t of the bottom electrode.

In a preferred embodiment, the sidewall 20 is substantially vertical such that

CD w1 is established in all MTJ layers 11-15. However, in other embodiments,
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the sidewall may be non-vertical such that layers 11-15 have an increasing
width (greater than w1) with increasing distance from top surface 16t. In the
exemplary embodiment, a thickness t of the DARC or BARC layer remains after
the etch transfer. However, depending on the initial thickness and composition
of layer 16, and the etch conditions, the DARC or BARC layer may be
completely removed during etch step 32 such that hard mask top surface 15t is
exposed. Therefore, a hard mask 15 is advantageously selected that has a high
etch rate selectivity to the underlying MTJ layers so that a substantial thickness
of hard mask remains after etch step 32. When IBE is selected for etch step 32,
a certain amount of etch residue may be deposited to form a coating 19 on
sidewall 20. Although RIE generally minimizes deposition of residue on MTJ
sidewalls, reactive species produced in the RIE plasma may attack the MTJ
layers and tend to damage the sidewalls. The choice of IBE, RIE, or RIBE
usually depends in part on the composition of the MTJ layers, which in turn
determines etch rate selectively compared with the hard mask. In some cases,
RIE and RIBE conditions may be optimized to minimize sidewall damage, or a
sputter clean step may follow RIE to remove damaged portions of MTJ sidewall
before subsequent steps are performed.

The process flow of the present disclosure comprises an encapsulation
process following formation of the MTJ nanopillar 1a. According to one
embodiment, the substrate with a plurality of MTJ nanopillars is removed from
the MTJ etch process chamber, exposed to the atmosphere, and transferred to
a second process chamber that may be in a different mainframe. However, the
present disclosure also anticipates an embodiment in which the MTJ etch and
encapsulation processes are performed in the same vacuum system under high
vacuum conditions so that exposure to the atmosphere is avoided between MTJ
etch and encapsulation.

Referring to FIG. 4, the encapsulation process of the present disclosure
comprises a first step wherein the substrate with the MTJ nanopillar array is
loaded in a process chamber that may have one or a plurality of stations, and
each station may have an electrostatic chuck to hold the substrate in place for
the duration of the process. According to one embodiment, the electrostatic
chuck (not shown) that is employed for the encapsulation process is heated and

has backside pressure control with an inert gas such as Ar to provide a more
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uniform heating rate and more uniform heating across the substrate, which may
have a diameter of 300 mm or more.

As indicated in FIG. 3, residue 19 may be formed on sidewall 20 and on
substrate top surface 10t surrounding the MTJ nanopillar as a result of etch
process 32. According to FIG. 4, a key feature of the encapsulation process of
the present disclosure is an anneal step that is performed at a station with a
heated electrostatic chuck as described previously. According to one
embodiment, the anneal step comprises loading the wafer on the electrostatic
chuck at room temperature (RT) and then ramping up the temperature to
temperature (1) in the range of 250°C to 400°C over a first period of time that
is a plurality of minutes. Moreover, a vacuum is applied to the process chamber
to provide a pressure therein which is less than 1 x 107 Torr. Accordingly,
residue and any moisture on sidewall 20 is removed because the combination
of high temperature and high vacuum conditions. For example, polymer and
chemical residues resulting from the etch process may be removed via
evaporation.

A critical aspect of the anneal step is setting the first period time and
temperature such that a substantial portion of the free layer, reference layer,
and tunnel barrier in MTJ nanopillar 1a crystallizes to a bcc structure for the free
and reference layer, and a rock salt crystal structure for the MgO tunnel barrier,
thereby forming a coherent crystal structure between the RL and tunnel barrier,
and between the FL and tunnel barrier. Otherwise, deposition of an
encapsulation layer prior to anneal would enable the crystal structure or
amorphous character in the encapsulation layer to influence crystal growth in
adjoining MTJ layers. In particular, the encapsulation layer crystal structure
could be different than bcc and thereby disrupt the desired crystal growth in one
or more of the FL, RL, and tunnel barrier, and prevent lattice matching
(coherent crystal structure) required for optimum DRR.

In some embodiments, the anneal step is continued for a second period of
time immediately following the first period of time at temperature (t1), or by
ramping up from t1 to a temperature (12) where t2 > t1, and is proximate to
400°C but less than 450°C in order to substantially complete the FL, RL, and
tunnel barrier crystallization before depositing the encapsulation layer. In all

embodiments, another critical feature is to perform the subsequent
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encapsulation layer deposition at the same station as the anneal step. In other
words, the encapsulation layer is deposited during a third period of time that
immediately follows the second period of time, or begins at the end of the first
period of time if the second period is omitted. Preferably, the encapsulation
layer is deposited while maintaining the electrostatic chuck at the same
temperature (1) used during the first period of time, or at temperature (t2) if the
anneal includes a second period after the first period. One benefit of depositing
the encapsulation layer at the same station as the anneal step and not breaking
vacuum in the process chamber between the aforementioned steps is to
achieve greater throughput in the process flow. Secondly, MTJ sidewalls are
not exposed to water vapor, oxygen, or other gases that tend to react with MTJ
layers between anneal and an encapsulation step during conventional process
flows.

As depicted in FIG. 5, the next step in the encapsulation process is
depoSition of the encapsulation layer 25 that adjoins sidewall 20. In the
exemplary embodiment, the encapsulation layer comprises more than one
layer. For example, a first encapsulation layer 25a with a first thickness d1 of 20
to 200 Angstroms is preferably deposited at temperature t1 (or t2) by a physical
deposition method (PVD) with RF sputtering in order to avoid reactive species
from a chemical vapor deposition (CVD) or plasma enhanced CVD (PECVD)
method from attacking MTJ sidewalls. Then a second encapsulation layer 25b
having a thickness d2 up to 2000 Angstroms is deposited on the first
encapsulation layer. Usually, a CVD or PECVD method is selected to deposit
layer 25b since these techniques are known for excellent gap filling capability
between adjacent MTJ nanopillars. The second encapsulation layer may be
deposited at a temperature from 250°C up to about 400°C, but preferably less
than 450°C. Thereafter, a chemical mechanical polish process is employed to
form a planar top surface 25t for the encapsulation layer that is coplanar with
top surface 15t of the MTJ hard mask.

The first encapsulation layer 25a may be one of SiOyNz, AIOyNz, TiOyNz,
SiCyNz, TaOyNz, or MgO, or any combination of the aforementioned materials
where y + z > 0. In an alternative embodiment, the first encapsulation layer is
comprised of one or more of B, Ge, BX, and GeX where X is one of O, N, B, C,
Ge, Si, Al, P, Ga, In, TI, Mg, Hf, Zr, Nb, V, Ti, Cr, Mo, W, Sr, and Zn. As
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disclosed in related patent application serial number 15/463,113, formation of
the first encapsulation layer may comprise a plurality of steps and produce a
plurality of layers such as B/BX or Ge/GeX stacks. Also, in related application
serial number 15/479,572, we disclosed a first encapsulation layer composition,
which is 0.1 to 10 weight % of a metal oxide in a metal nitride matrix.

The second encapsulation layer 25b is preferably one of SiOyNz, AIOyNz,
TiOyNz, SiCyNz, TaOyNz, or MgO, or any combination of the aforementioned
materials where y + z > 0. |n alternative embodiments, the second
encapsulation layer may be another metal oxide, metal carbide, metal nitride,
metal oxynitride, or metal carbonitride used in the art.

Referring to FIG. 6, a MTJ nanopillar array from a top-down view is shown
following the process flow of the present disclosure. Additional MTJ nanopillars
1b, 1c, and 1d each having critical dimension w1 are depicted to indicate a
subset of the rows and columns formed in the memory structure. Thus, MTJ
nanopillar 1a is shown in the same row as MTJ nanopillar 1b, and MTJ
nanopillars 1c, 1d are in the same column as MTJ nanopillars 1a and 1b,
respectively. As explained previously, the MTJ nanopillars are depicted with a
circular shape but may have elliptical shapes in other embodiments. Generally,
millions of MTJ nanopillars are formed in an array but only four are illustrated
here to simplify the drawing. |

Following the CMP process, a top electrode layer comprised of a plurality of
parallel conductive lines (not shown) is formed by a conventional method on the
MTJ nanopillars and encapsulation layer 25 as appreciated by those skilled in
the art. A first top electrode line may contact a top surface 15t of MTJ
nanopillars 1a, 1¢ while a second top electrode line contacts top surface 15t in
MTJ nanopillars 1b, 1d. Conductive lines in the top electrode layer are
preferably formed along the z-axis direction that is orthogonal to the conductive
lines along the x-axis direction in the bottom electrode layer. Therefore, bottom
electrode line 10 may contact a bottom surface of both MTJ nanopillars 1a and
1b while a second bottom electrode line 10-1 contacts the bottom surfaces of
MTJ nanopillars 1¢c and 1d.

Referring to FIG. 7, a flow diagram is provided for the process flow of one
embodiment of the present disclosure where a pattern with a CD is formed in

the MTJ hard mask layer by an etch process 100 that comprises step 30 or both
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steps 30, 31 described previously. In step 110, the MTJ stack is ion beam
etched according to step 32 (FIG. 3) to transfer the pattern through the
remaining MTJ layers and thereby form a plurality of MTJ nanopillars. Residue
on the MTJ sidewalls is removed with an anneal step 114 described previously
with respect to FIG. 4. Finally, an encapsulation layer is formed around the MTJ
nanopillars in step 120 to electrically isolate the MTJ nanopillars from each
other. Preferably, steps 114 and 120 are performed at the same station without
breaking vacuum in a process chamber as described earlier with regard to FIG.
5.

In FIG. 8, a flow diagram is depicted for the process flow of another
embodiment of the present disclosure where the sequence of steps in FIG. 7 is
modified by replacing an ion beam etch with step 111 that represents a reactive
ion etch to form sidewall 20 on MTJ nanopillar 1a. Next, sputter etch 113 is
performed in a process chamber and comprises plasma generated from a noble
gas such as Ar. Preferably, sputter etching removes damaged portions of MTJ
sidewall without causing a significant shrinkage in CD (w1). Subsequently, the
anneal step 114 and encapsulation 120 are performed in the same process
chamber. In preferred embodiments, sputter etch 113 is accomplished in the
same mainframe that comprises the encapsulation process chamber.

We have demonstrated the benefits of the encapsulation process of the
present disclosure with results from an experiment where a series of MTJ
nanopillars with various diameters (w1 in FIG. 6) was fabricated. Each MTJ
nanopillar included a hard mask, and a MgO tunnel barrier layer between a
CoFeB free layer and a CoFeB reference layer. A first set of MTJ nanopillars
with the same range of device sizes was fabricated by a reactive ion etch (RIE)
involving methanol as the etching gas. The first set of MTJs was then sputter
etched in a plasma clean chamber with a process comprising an Ar gas flow, 75
Watt wafer bias, and a working pressure of 0.52 mTorr. One half of the MTJs in
the first set were removed from the sputter etch chamber, exposed to the
atmosphere in the clean room, and then processed in another process chamber
with a process flow that yielded reference sample A. In particular, a first
encapsulation layer was sputter deposited by a PVD method at room
temperature comprising 600 Watts RF power, 1.5-2 mTorr pressure, an Ar gas
flow, and a silicon nitride target containing 2 weight% MgO to yield a 200
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Angstrom thickness on MTJ nanopillar sidewalls. Thereafter, a 2000 Angstroms
thick second encapsulation layer with a silicon nitride composition was
deposited by a PECVD method at 400°C on the first encapsulation layer to fill
gaps between adjacent MTJ nanopillars. A CMP was performed and then a top
electrode layer was formed on the MTJ array by a conventional process.

The other half of the first set of MTJs was processed with the same flow as
in reference sample A except a high temperature anneal step was inserted after
the sputter clean and before deposition of the first encapsulation layer. The
anneal was performed in a process chamber by ramping the electrostatic chuck
at an annealing station from room temperature to 350°C over a period of 200
seconds while applying a backside Ar gas pressure of 7.5 Torr. The vacuum in
the process chamber during annealing was 1 x 107 Torr. Subsequently, while
maintaining the substrate on the same electrostatic chuck, the silicon nitride-2
weight% MgO first encapsulation layer was deposited by PVD as before but at
a temperature of 350°C to yield sample C according to the process flow in FIG.
8. Thereafter, the second encapsulation layer and top electrode were
sequentially formed as previously described.

A second set of MTJ nanopillars was prepared by etching the MTJ stack
comprised of the hard mask, CoFeB free layer, MgO tunnel barrier, and CoFeB
reference layer with an ion beam etch using Ar gas flow and a 200 eV beam
energy. One half of the second set of MTJ nanopillars was transferred to an
encapsulation process chamber where the first and second encapsulation
layers were sequentially deposited by the process flow mentioned previously
with respect to sample A. Following CMP and formation of a top electrode layer,
reference sample B was completed.

The other half of the second set of MTJs was processed with the same flow
as indicated for reference sample B except a high temperature anneal step was
inserted after the ion beam etch and before deposition of the first encapsulation
layer. The anneal was performed in a process chamber by ramping the
electrostatic chuck at an annealing station from room temperature to 350°C
over a period of 200 seconds while applying a backside Ar gas pressure of 7.5
Torr. The vacuum in the process chamber during annealing was 1 x 107 Torr.
Subsequently, while maintaining the substrate on the same electrostatic chuck,

the silicon nitride-2 weight% MgO first encapsulation layer was deposited by
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PVD at a temperature of 350°C to yield sample D according to the process flow
in FIG. 7. Thereafter, the second encapsulation layer and top electrode were
sequentially formed as previously described.

FIG. 9 is a plot of magnetoresistive ratio (DRR) vs. MTJ size that compares
the results from reference sample A (curve 50) to those of sample C (curve 51).
Only MTJ nanopillar sizes from about 70 nm (upper left of curves) down to 30
nm (lower right of curves) are shown. Curves 50, 51 are essentially overlapping
at MTJ diameters (CD) above 70 nm. We find that the encapsulation process
included in the FIG. 8 process flow significantly improved DRR without
degrading other MTJ properties such as Hc, or RA product, especially for MTJ
nanopillars with a CD below 70 nm that is required for state of the art memory
devices.

In FIG. 10, there is a plot of magnetoresistive ratio (DRR) vs. MTJ size that
compares the results from reference sample B (curve 52) to those of sample D
(curve 53). Again, only MTJ nanopiliar sizes from about 70 nm (upper left of
curves) down to 30 nm (lower right of curves) are shown. We find that the
encapsulation process following ion beam etching in the FIG. 7 process flow
offers a significant DRR improvement of > 0.2 for devices less than 70 nm in
diameter. No degradation in other MTJ properties was observed for sample D
vs. reference sample B.

In summary, the present disclosure provides a process flow for removal of
unwanted residue from MTJ sidewalls following etching, crystallization of the
critical magnetic layers and tunnel barriers, including CoFeB and MgQO, and the
prevention of reactive chemical species from attacking the MTJ sidewalls during
an encapsulation process that includes annealing and depositing one or more
encapsulation layers. The process flow is effective for memory devices with a
critical dimension below 70 nm. Furthermore, the benefits described herein are
maintained even after a plurality of hours where the substrate is exposed to
temperatures proximate to 400°C during CMOS BEOL fabrication.

While this disclosure has been particularly shown and described with
reference to, the preferred embodiment thereof, it will be understood by those
skilled in the art that various changes in form and details may be made without

departing from the spirit and scope of this disclosure.
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We claim:

1. A process flow for fabricating magnetic tunnel junction (MTJ) nanopillars,
comprising:

(a) providing a MTJ stack of layers on a substrate wherein the MTJ stack
of layers comprises a reference layer, a free layer, and a tunnel barrier layer
between the reference layer and free layer;

(b) patterning the MTJ stack with one or both of a reactive ion etch (RIE)
and an ion beam etch (IBE) to form a plurality of MTJ nanopillars each
having a sidewall that extends from a top surface thereof to a top surface of
the substrate, and wherein adjacent MTJ nanopillars are separated by a
gap;

(c) performing a sputter clean etch of the MTJ nanopillar sidewalls
comprising a plasma of a noble gas in a first process chamber; and

(d) performing an encapsulation process, comprising:

(1) a first step of heating the substrate on an electrostatic chuck at a first
station in a second process chamber, and applying a vacuum thereto, the
substrate is loaded onto the chuck at room temperature and the
temperature is ramped to a first temperature (t1) of 250°C to 400°C during
a first period of time wherein a substantial portion of the reference layer,
free layer, and tunnel barrier crystallize to a body centered cubic (bcc)
structure; and

(2) a second step of depositing an encapsulation layer comprised of one
or more dielectric layers that adjoins the MTJ sidewalls and fills the gaps
between adjacent MTJ nanopillars, the second step is performed after the
first step and at the first station during a second period of time at the
temperature t1 while maintaining the vacuum.

2. The process flow of claim 1 wherein the encapsulation layer that adjoins
the MTJ sidewalls is deposited with a physical vapor deposition process
comprising RF sputtering.

3. The process flow of claim 1 wherein the second step begins at an end of
the first step.

4. The process flow of claim 1 wherein the MTJ nanopillars have a critical

dimension less than about 70 nm.

18



WO 2019/074944 PCT/US2018/055042

5. The process flow of claim 1 wherein the vacuum is less than about 1 x
10”7 Torr.

6. The process flow of claim 1 wherein the encapsulation layer comprises at
least two layers wherein a first layer that adjoins the MTJ sidewalls is SiOyNz,
AlOyNz, TiOyNz, SiCyNz, TaOyNz, or MgO, or any combination of the
aforementioned materials where y + z > 0.

7. The process flow of claim 6 wherein the first layer comprises MgO
formed within a silicon nitride matrix in which MgO is from 0.1 to 10 weight % of
the first layer.

8. The process flow of claim 1 wherein the encapsulation layer comprises at
least two layers wherein a first layer that adjoins the MTJ sidewalls is one or
more of B, Ge, BX, or GeX where X is one of O, N, B, C, Ge, Si, Al, P, Ga, In,
Tl, Mg, Hf, Zr, Nb, V, Ti, Cr, Mo, W, Sr, and Zn.

9. The process flow of claim 1 wherein the encapsulation layer comprises at
least two layers wherein a first layer adjoins the MTJ sidewalls, and a second
layer formed on the first layer is SiOyNz, AIOyNz, TiOyNz, SiCyNz, TaOyNz, or
MgO, or any combination of the aforementioned materials where y + z > 0.

10. The process flow of claim 1 wherein the substrate is a bottom electrode
in a magnetic random access memory (MRAM), or spin torque MRAM.

11. A process flow for fabricating magnetic tunnel junction (MTJ) nanopillars,
comprising:

(a) providing a MTJ stack of layers on a substrate wherein the MTJ stack
of layers comprises a reference layer, a free layer, and a tunnel barrier layer
between the reference layer and free layer;

(b) patterning the MTJ stack with one or both of a reactive ion etch (RIE)
and an ion beam etch (IBE) to form a plurality of MTJ nanopillars each
having a sidewall that extends from a top surface thereof to a top surface of
the substrate, and wherein adjacent MTJ nanopillars are separated by a
gap; and

(c) performing an encapsulation process, comprising:

(1) a first step of heating the substrate on an electrostatic chuck at a first
station in an encapsulation process chamber, and applying a vacuum
thereto, the substrate is loaded onto the chuck at room temperature and

the temperature is ramped to a first temperature (t1) of 250°C to 400°C
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during a first period of time wherein a substantial portion of the reference
layer, free layer, and tunnel barrier crystallize to a body centered cubic
(bce) structure;

(2) a second step during a second period of time of ramping the chuck
and substrate at the first station to a second temperature (t2) where 12 >
t1, and t2 is proximate to 400°C but not greater than 450°C;

(3) a third step of depositing an encapsulation layer comprised of one or
more dielectric layers that adjoins the MTJ sidewalls and fills the gaps
between adjacent MTJ nanopillars, the third step is performed at the first
station during a third period of time at the temperature t2 while maintaining
the vacuum.

12. The process flow of claim 11 wherein the third step begins at an end of
the second step.

13. The process flow of claim 11 wherein the second step begins at an end
of the first step.

14. The process flow of claim 11 wherein the MTJ nanopillars have a critical
dimension less than about 70 nm.

15. The process flow of claim 11 wherein the vacuum is less than about 1 x
107 Torr.

16. The process flow of claim 11 wherein the encapsulation layer comprises
at least two layers wherein a first layer that adjoins the MTJ sidewalls is
SiOyNz, AIOyNz, TiOyNz, SiCyNz, TaOyNz, or MgO, or any combination of the
aforementioned materials where y + z > 0.

17. The process flow of claim 16 wherein the first layer comprises MgO that
is formed within a silicon nitride matrix in which MgO is from 0.1 to 10 weight %
of the first layer.

18. The process flow of claim 11 wherein the encapsulation layer comprises
at least two layers wherein a first layer that adjoins the MTJ sidewalls is one or
more of B, Ge, BX, or GeX where X is one of O, N, B, C, Ge, Si, Al, P, Ga, In,
Tl, Mg, Hf, Zr, Nb, V, Ti, Cr, Mo, W, Sr, and Zn.

19. The process flow of claim 11 wherein the encapsulation layer comprises
at least two layers wherein a first layer adjoins the MTJ sidewalls, and a second
layer formed on the first layer is SiOyNz, AIOyNz, TiOyNz, SiCyNz, TaOyNg, or

MgO, or any combination of the aforementioned materials where y + z > 0.
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20. The process flow of claim 11 wherein the substrate is a bottom electrode

in a magnetic random access memory (MRAM) or spin torque MRAM.

21



WO 2019/074944 PCT/US2018/055042
1/4

)
15t'\ ~—16

y— 3 —13
E> =
FIiG. 1

415
14t~ 141
14
’< (r tm
. oty
() <10
FIG. 2

l l 16t 151 l l
P lt () ~—1 z%_ﬂ

—15
1a< 19

L — 14
q 101~
(

|

13
12

11 —19

~—10
FIG. 3

AR TN




WO 2019/074944 PCT/US2018/055042
2/4

20— ~+—16 z%—)tt

( d 15

, 14

“< = 13
10t~ = 11 _—10t
L( 310

y

25t 15t 15 25t zéB_n

25b ( ( | :
35{2&, . 25b
20

\ 2

)

10t —~ Y ] diT_——25a
( 1 <—10

¥ \
11 12 13 14

FIG. 5




WO 2019/074944 PCT/US2018/055042
3/4

~100

Form pattern in masking
layer on MTJ stack

~110

Etch MTJ stack with ion beam
etch (physical etch with
noble gas) to form MTJ sidewall

\L 114

Volatilize residue on MTJ
sidewalls with high temperature
anneal under vacuum

120

Encapsulate the etched
MTJ stack of layers

—100

F[ (; 7 Form pattern in masking

layer on MTJ stack

111

Etch MTJ stack with reactive

ion etch (chemical etch) to
form MTJ sidewal!l

\'/ 113

Sputter etch in a plasma
clean chamber

\l, 114

Volatilize residue on MTJ
sidewalls with high temperalure
anneal under vacuum

\l/ 120

Encapsulate the etched
MTJ stack of layers

FIG. 8




WO 2019/074944 PCT/US2018/055042
4/4

DRR

MTJ Diameter (nm)

FIG. 9

1
© Sample B :

& Sample D ;
M SO T | L X i

0.8 L NI
103 102 101

MTJ Diameter (nm)

FIG. 10



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2018/055042

A. CLASSIFICATION OF SUBJECT MATTER

INV. HO1L43/12
ADD.

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

B. FIELDS SEARCHED

HO1L

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

2 February 2017 (2017-02-02)

24 June 2009 (2009-06-24)

paragraphs [0018] - [0023]; figures 1A-1F

paragraphs [0045] - [0128]; figure 1

A US 2017/033282 Al (WANG YU-JEN [US] ET AL) 1-20

A EP 2 073 286 Al (CANON ANELVA CORP [JP]) 1-20

A,P US 2018/033957 Al (ZHANG YUN SEN [CN] ET 1-20
AL) 1 February 2018 (2018-02-01)
paragraphs [0029] - [0043]; figures 2-5

D Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

22 January 2019

Date of mailing of the international search report

18/02/2019

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Steiner, Markus

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2018/055042
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2017033282 Al 02-02-2017 CN 108140728 A 08-06-2018
EP 3329523 Al 06-06-2018
US 2017033282 Al 02-02-2017
WO 2017019847 Al 02-02-2017
EP 2073286 Al 24-06-2009 CN 101517768 A 26-08-2009
EP 2073286 Al 24-06-2009
JP 4354519 B2 28-10-2009
JP 2009302550 A 24-12-2009
JP W02008032745 Al 28-01-2010
US 2009314740 Al 24-12-2009
WO 2008032745 Al 20-03-2008
US 2018033957 Al 01-02-2018  NONE

Form PCT/ISA/210 (patent family annex) (April 2005)




	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 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - wo-search-report
	Page 29 - wo-search-report

