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PHASE CHANGE MEMORY

BACKGROUND

[0001] The present invention relates to semiconductor devices, and particularly to forming

heating elements for phase change materials.

[0002] Phase change memory (PCM) devices store data using a phase change material, such
as, for example, a chalcogenide alloy, that transforms into a crystalline state or an amorphous
state. An electrode may provide a current through the PCM device to produce heat that
effectuates phase changes in the PCM between the crystalline and the amorphous phases. Each
state of the phase change material has different resistance characteristics. Specifically, the phase
change material in the crystalline state has low resistance and the phase change material in the
amorphous state has high resistance. In discrete situations, the crystalline state is typically
referred to as a “set state” having a logic level “0”, and the amorphous state is typically referred
to as a “reset state” having a logic level “1”. However, in analog computing the state of the PCM

may be anywhere from O to 1, and may store weights
SUMMARY

[0003] An embodiment of the invention may include a semiconductor structure. The
semiconductor structure may include a phase change element located above a heater. The heater

may include a conductive element surrounding a dielectric element.

[0004] An embodiment of the invention may include a semiconductor structure. The
semiconductor structure may include a phase change element located above a heater. The heater
may include a conductive element surrounding a dielectric element. The dielectric element may

include an air gap.

[0005] An embodiment of the invention may include a method of forming a semiconductor
structure. The method may include conformally depositing a heater liner on Mx+1 dielectric and
an Mx contact. The method may include forming a heater dielectric within the heater liner. The

heater dielectric may include an air gap. The method may include forming a projection liner
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above the heater liner. The method may include forming a phase change material above the

projection liner.
BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1 depicts a cross sectional view of a starting substrate, where the starting
substrate has a first conductive layer in an insulator level, according to an exemplary

embodiment;

[0007] FIG. 2 depicts a cross sectional view of following depositing a second insulator level,

according to an exemplary embodiment;

[0008] FIG. 3 depicts a cross sectional view of following removing a portion of the second

insulator level above the first conductive layer, according to an exemplary embodiment;

[0009] FIG. 4 depicts a cross sectional view following forming a heater by depositing a first
conductive liner, a second conductive liner, and an insulator with an air gap above the first

conductive layer, according to an exemplary embodiment;

[0010] FIG. 5 depicts a cross sectional view following CMP, according to an exemplary

embodiment;

[0011] FIG. 6 depicts a cross sectional view following forming a bottom liner above the

heater, according to an exemplary embodiment;

[0012] FIG. 7 depicts a cross sectional view following depositing layers of a phase change

memory above the bottom liner, according to an exemplary embodiment;

[0013] FIG. 8 depicts a cross sectional view following formation of a phase change memory

cell, according to an exemplary embodiment;

[0014] FIG. 9 depicts a cross sectional view following forming connections to phase change

memory, according to an exemplary embodiment.

[0015] Elements of the figures are not necessarily to scale and are not intended to portray

specific parameters of the invention. For clarity and ease of illustration, dimensions of elements
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may be exaggerated. The detailed description should be consulted for accurate dimensions. The
drawings are intended to depict only typical embodiments of the invention, and therefore should
not be considered as limiting the scope of the invention. In the drawings, like numbering

represents like elements.
DETAILED DESCRIPTION

[0016] Exemplary embodiments now will be described more fully herein with reference to
the accompanying drawings, in which exemplary embodiments are shown. This disclosure may,
however, be embodied in many different forms and should not be construed as limited to the
exemplary embodiments set forth herein. Rather, these exemplary embodiments are provided
so that this disclosure will be thorough and complete and will convey the scope of this disclosure
to those skilled in the art. In the description, details of well-known features and techniques may

be omitted to avoid unnecessarily obscuring the presented embodiments.

59 95

[0017] For purposes of the description hereinafter, terms such as “upper”, “lower”, “right”,
“left”, “vertical”, “horizontal”, “top”, “bottom”, and derivatives thereof shall relate to the
disclosed structures and methods, as oriented in the drawing figures. Terms such as “above”,
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“overlying”, “atop”, “on top”, “positioned on” or “positioned atop” mean that a first element,
such as a first structure, is present on a second element, such as a second structure, wherein
intervening elements, such as an interface structure may be present between the first element and
the second element. The term “direct contact” means that a first element, such as a first structure,
and a second element, such as a second structure, are connected without any intermediary
conducting, insulating or semiconductor layers at the interface of the two elements. The term
substantially, or substantially similar, refer to instances in which the difference in length, height,
or orientation convey no practical difference between the definite recitation (e.g. the phrase sans
the substantially similar term), and the substantially similar variations. In one embodiment,
substantially similar (and its derivatives such as, for example, about and approximately) denote
a difference by a generally accepted engineering or manufacturing tolerance, up to, for example,

10% deviation in value or 10° deviation in angle.

[0018] In the interest of not obscuring the presentation of embodiments of the present

invention, in the following detailed description, some processing steps or operations that are
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known in the art may have been combined together for presentation and for illustration purposes
and in some instances may have not been described in detail. In other instances, some processing
steps or operations that are known in the art may not be described at all. It should be understood
that the following description is rather focused on the distinctive features or elements of various

embodiments of the present invention.

[0019] Phase change materials are useful in creating phase change memory for use in
semiconductor devices. Such materials have the property that when they undergo a physical
change, the resistance of the material changes which allows the material to act as a logical 1 or
0. Such changes may be performed by heating of the material to change the crystalline properties
of the material to achieve the change in resistance. In certain embodiments of the current
invention, this heating is performed by a resistive heating element located beneath phase change
material. The resistive heating element may use a dielectric core having a lower heat capacity
than the surrounding conductive elements that perform resistive heating. This may enable a
memory cell containing the phase change memory and heater that can undergo thermal heating

at lower voltages.

[0020] Referring to FIG. 1, Mk level 10 contains an My dielectric 100 and My conductive
material 110. The M dielectric 100 may include any suitable dielectric material, for example,
silicon oxide, silicon nitride, hydrogenated silicon carbon oxide, silicon based low-k dielectrics,
or porous dielectrics. Known suitable deposition techniques, such as, for example, atomic layer
deposition (ALD), chemical vapor deposition (CVD), plasma enhanced chemical vapor
deposition, spin on deposition, or physical vapor deposition (PVD) may be used to form the Mx
dielectric 100. The Mx dielectric 100 may have a thickness ranging from approximately 100 nm
to approximately 500 nm and ranges there between, although a thickness less than 100 nm and

greater than 500 nm may be acceptable.

[0021] With continued reference to FIG. 1, the Mx conductive material 110 may be, for
example, a typical line, via, or wire found in a typical interconnect structure. The My conductive
material 110 may be made of a conductive interconnect material including, for example, copper,
aluminum, or tungsten. The conductive interconnect material may be formed using a filling
technique such as electroplating, electroless plating, chemical vapor deposition, physical vapor

deposition or a combination of methods. The conductive interconnect material may further
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include a dopant, such as, for example, manganese, magnesium, copper, aluminum, or other
known dopants. In some embodiments, various barriers or liners (not shown) may be formed in
the My level 10 between the Mx conductive material 110 and the Mx dielectric 100. In one
embodiment, a liner may include, for example, a tantalum nitride layer, followed by a tantalum
layer. Other barrier liners may include cobalt or ruthenium, either alone or in combination with
any other suitable liner. In some embodiments, Mx conductive material 110 may be a line or a

via.

[0022] Referring to FIG. 2, Mx+1 level 20 may be formed containing an Mx dielectric 120.
The Mx+ dielectric 120 may include any suitable dielectric material, for example, silicon oxide,
silicon nitride, hydrogenated silicon carbon oxide, silicon based low-k dielectrics, or porous
dielectrics. Known suitable deposition techniques, such as, for example, atomic layer deposition
(ALD), chemical vapor deposition (CVD), plasma enhanced chemical vapor deposition, spin on
deposition, or physical vapor deposition (PVD) may be used to form the My dielectric 100. The
Mi+1 dielectric 120 may each have a thickness ranging from approximately 100 nm to
approximately 150 nm and ranges there between, although a thickness less than 100 nm and

greater than 150 nm may be acceptable.

[0023] Referring to FIG. 3, a trench 123 may be formed in the Mx+1 dielectric 120 using
typical etching techniques, including, for example, the removal of the dielectric may be
performed by patterning a lithographic mask above Mx+1 dielectric 120, and performing an
anisotropic etch, such as a RIE etch, to remove the material below the unpatterned portion of the
lithographic mask. In some embodiments, including the depicted embodiment, the trench 230
extends through the Mx+1 levelhea 20 exposing Mx conductive material 110 of the Mx level 10.
The trench 123 may be formed such that the width of the opening, Wi, is about 10 nm to about

50 nm, and more preferably about 28 nm to about 40 nm.

[0024] Referring to FIG. 4, a first heater liner layer 130, a second heater liner layer 135, and
a dielectric layer 140 may be deposited. The first heater liner layer 130 may include, for example,
TaN, SiN, and any other metal nitride having proper resistivity. The first heater liner layer 130
may have a thickness of about13 to about 10 nm. The first heater liner layer 130 may be formed
using any suitable metal deposition technique, including, for example, CVD, PVD, and ALD,
sputtering, and plating.
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[0025] The second heater liner layer 135 may include any metal or metal nitride such as, for
example, TiN, graphene, TaN, W, Cu, Ru, Au, and Pt. The second heater liner layer 135 may be
selected so that the resistance is 0.05 to 0.5 times the about 250kOhm/cm? of the first heater liner
layer 130. The second heater liner layer 135 may have a thickness of about 2 to about 20 nm.
The second heater liner layer 135 may be formed using any suitable metal deposition technique,

including, for example, CVD, PVD, and ALD, sputtering, and plating.

[0026] The dielectric layer 140 may include, for example, SiN, Si02, SiCxOy, TaN, and
high resistance metal nitride. Formation of the dielectric layer 140 may result in the formation
of void 145 (also referred to as an air gap). The dielectric layer 140 may include any suitable
dielectric material, for example, silicon oxide, silicon nitride, hydrogenated silicon carbon oxide,
silicon based low-k dielectrics, or porous dielectrics. Known suitable deposition techniques, such
as, for example, atomic layer deposition (ALD), chemical vapor deposition (CVD), plasma
enhanced chemical vapor deposition, spin on deposition, or physical vapor deposition (PVD).
The void 145 may be at least 0.1 % of the total volume of dielectric located in the Mx+1 level 20.
Introduction of the void may decrease the amount of resistive heating required by the heater of

the memory element to achieve a required temperature for programming the memory element.

[0027] Referring to FIG. 5, the first heater liner layer 130, the second heater liner layer 135,
and the dielectric layer 140 deposited in FIG. 4 may be recessed to the top of the Mx+1 dielectric

120, forming first heater liner 131, second heater liner 136, and internal heater dielectric 141.

[0028] Referring to FIG. 6, a bottom liner 150 of the phase change memory cell may be
formed. The bottom liner 150 may be formed using any suitable metal deposition technique,
including, for example, CVD, PVD, and ALD, sputtering, and plating, and then patterned using
any suitable photolithographic and etching techniques. The bottom liner 150 may include, for

example, TaN. In another embodiment, the bottom liner 150 is the same as the projection liner.

[0029] Referring to FIG. 7, a phase change material layer 160, a top contact layer 170 and a
hardmask layer 175 may be formed in an Mx+ level 30 following the formation of the top portion
of the bottom liner 150. The phase change material 160 is formed in electrical communication
with the top portion of the bottom liner 150. In one embodiment, the phase change material 160

is formed in direct physical contact with the top portion of the bottom liner 150. In another
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embodiment, the phase change material 160 may be formed overlying the top portion of the
bottom liner 150, wherein an interface layer, such as a diffusion barrier may be positioned

between the phase change material 160 and the top portion of the bottom liner 150.

[0030] The thickness of the phase change material 160 may range from about 5 nm to about
400 nm. The deposition of the phase change material 160 may include blanket deposition
followed by planarization, forming a phase change layer. In a following process step, a portion
of the phase change layer is removed to provide phase change material 160. In one embodiment,
following formation of a photoresist mask, the exposed portions of the phase change layer are

etched using an anisotropic etch process, e.g., reactive ion etching.

[0031] In one embodiment, the phase change material 160 may be switched from an
amorphous phase to a crystalline phase. When in an amorphous state, the phase change material
160 exhibits a high resistivity. In one embodiment, the amorphous resistivity may range from
10? ohm-m to 10* ohm-m. When in a crystalline state, the phase change material 160 is more
conductive, typically exhibiting a lower resistivity by a factor of 10-10000. The phase change
material 160 may include chalcogenide alloys. The term “chalcogenide” is used herein to denote
an alloy or compound material, which contains at least one element from Group VI of the
Periodic Table of Elements. Illustrative examples of chalcogenide alloys that can be employed
herein include, but are not limited to, alloys of Te or Se with at least one of the elements of Ge,
Sb, As, Si. In other embodiments, the phase change material is made of any suitable material
including one or more of the elements Te, Ga, In, Se, and S. In one embodiment, the phase
change material has a composition of Ge:2SbaTes (GST). Although chalcogenides are a group of
materials commonly utilized as phase change material, some phase change materials, such as
GeSb, do not utilize, chalcogenides. In one embodiment, the layer of the first phase change
material is composed of GeSbTe (GST), GeSb, SbTe, GeTe, GeGaSb, SiSbTe, AgInSbTe or a
combination thereof. In one embodiment, the phase change material 160 is undoped. The term
undoped means that the phase change material is substantially free of dopants and impurities.
The term substantially free of dopants and impurities means that dopants are present in less than

1.0 wt %.

[0032] Still referring to FIG. 7, the top contact layer 170 may include a metal nitride such
as, for example, TiN, TaN, W, W/TiN bilayer, a-C and metal (W, Cu, Pt, Ru) combination, and
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graphene . The top contact layer 170 may have a thickness of about 10 to about 100 nm. The
first hea ter liner layer 130 may be formed using any suitable metal deposition technique,

including, for example, CVD, PVD, and ALD, sputtering, and plating.

[0033] Still referring to FIG. 7, the hardmask layer 175 may includea dielectric such as, for
example, SiN, a-C, SiOxN, AI203, AIN, HfO2, ZrO2. The hardmask layer 175 may have a
thickness of about 20nm to about 200 nm. The hardmask layer 175 may be formed using any
suitable metal deposition technique, including, for example, CVD, PVD, and ALD, sputtering,
and plating,

[0034] Referring to FIG. 8, a phase change memory cell including a phase change material
161, a top contact 171, and a top hardmask 176, may be patterned from the phase change material
layer 160, the top contact layer 170 and the hardmask layer 175, respectively. Patterning may

be accomplished using, for example, photolithographic patterning and an anisotropic etch.

[0035] Referring to FIG. 9, an My« dielectric 180 may be deposited over the structure, and
subsequent damascene or dual damascene structures may be created. The Mx+» dielectric 180
may electrically insulate the phase change material 160 from additional interconnect levels (not
shown) that may be subsequently formed above the phase change material 160. The M+
dielectric 180 may be deposited using typical deposition techniques, for example, chemical vapor
deposition. The Mg+ dielectric 180 may include any suitable dielectric material, for example,
silicon nitride (S13N4), silicon carbide (SiC), silicon carbon nitride (SiCN), hydrogenated silicon
carbide (SiCH), or other known capping materials. The Mx+2 dielectric 180 may have a thickness
ranging from about 50 nm to about 600 nm and ranges there between, although a thickness less

than 50 nm and greater than 600 nm may be acceptable.

[0036] Still referring to FIG. 9, a damascene opening may be formed in the Mx+ dielectric
180. The damascene opening may include a trench opening or two via openings. The damascene
opening may be formed using any suitable masking and etching technique known in the art. In
one embodiment, a dry etching technique using a fluorine-based etchant, such as, for example
CiFy, may be used. In one embodiment, the depth of the trench opening may range from about
50 nm to about 100 nm. An M+, conductive material 190, 195 may be fill the void. The My

conductive material 190, 195 may include, for example, copper, aluminum, titanium nitride,
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tantalum nitride or tungsten. The Mx+2 conductive material 190, 195may be formed using a filing
technique such as electroplating, electroless plating, chemical vapor deposition, physical vapor

deposition or a combination of methods.

[0037] The descriptions of the various embodiments of the present invention have been
presented for purposes of illustration but are not intended to be exhaustive or limited to the
embodiments disclosed. Many modifications and variations will be apparent to those of ordinary
skill in the art without departing from the scope and spirit of the described embodiments. The
terminology used herein was chosen to best explain the principles of the embodiment, the
practical application or technical improvement over technologies found in the marketplace, or to
enable other of ordinary skill in the art to understand the embodiments disclosed herein. It is
therefore intended that the present invention not be limited to the exact forms and details

described and illustrated but fall within the scope of the appended claims.
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CLAIMS
1. A memory structure comprising;
a phase change element located above a heater: and
wherein the heater comprises a conductive element surrounding a dielectric element.
2. The structure of claim 1, wherein the dielectric element includes an air gap.

3. The structure of claim 1 or 2, wherein the conductive element comprises a first

conductive liner and a second conductive liner.

4. The structure of claim 3, wherein the second conductive liner is about 0.05 to about 0.5

times a resistance of the first conductive liner.

5. The structure of any one of the preceding claims further comprising a projection liner

between the heater and the phase change element.

6. The structure of any one of the preceding claims, wherein a material of the dielectric

element is selected from the group consisting of: SiN, Si02, and SiCxOy.

7. The structure of any one of the claims 2 to 6, wherein the air gap comprises at least 0.1

% of the volume of a region containing the dielectric element.

8. The structure of any one of the claims 3 to 7, wherein a material of the first conductive

liner 1s selected from the group consisting of: TaN and SiN.

9. The structure of any one of the claims 3 to 8, wherein a material of the second
conductive liner is selected from the group consisting of: TiN, graphene, TaN, W, Cu, Ru, Au,

and Pt.

10. The structure of any one of the claims 5 to 9, wherein a material of the projection liner

is TaN.

10
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11. A memory structure comprising;
a phase change element located on a projection liner above a heater and

wherein the heater comprises a conductive element surrounding a dielectric element,

wherein the dielectric element includes an air gap.

12. The structure of claim 11, wherein the conductive element comprises a first conductive

liner and a second conductive liner.

13. The structure of claim 12, wherein the second conductive liner is about 0.05 to about

0.5 times a resistance of the first conductive liner.

14. The structure of any of the claims 11 to 13, wherein a material of the dielectric element

is selected from the group consisting of: SiN, S102, and SiCxOy.

15. The structure of any one of the claims 11 to 14, wherein the air gap comprises at least

0.1% of the volume of a region containing the dielectric element.

16. The structure of claim 12, wherein a material of the first conductive liner is selected

from the group consisting of: TaN and SiN.

17. The structure of claim 12 or 16, wherein a material of the second conductive liner is

selected from the group consisting of: TiN, graphene, TaN, W, Cu, Ru, Au, and Pt.

18. The structure of claim 11 further comprising a projection liner between the heater and

the phase change element .
19. A method of forming a memory structure comprising:
conformally depositing a heater liner on a Mx+1 dielectric and an Mx contact;

forming a heater dielectric within the heater liner, wherein forming the heater dielectric

comprises forming an air gap within the heater dielectric;

forming a projection liner above the heater liner; and

11
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forming a phase change material above the projection liner.

20. The method of claim 19, wherein the heater liner comprises a first liner and a second

liner.
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