CHALCOGENIDE SPUTTERIMNG TARGET AMND METHOD OF MAKING THE
SAME
REFERENCE TO RELATED APPLICATIONS
061 ] This application clairss priovity to U8, Provisional Patent Application Sertal No.
62/378,031, filed August 22, 2016, the entire disclosure of which 1s expressly incorporated

herein by reference.

TECHNICAL FIELD
[002] The present invention relates {0 a sputtering target contaming a chalcogenide.
More specifically, the present invention relates to a sputtering target containing a primary
matrix containing chalcogenide compounds or elements with one or more additional phases.

Methods of making the same are also provided.

BACKGROUND
LELIRY Physical vapor deposition (‘"PVD”) methodologies are used extensively for
forming thin films of material over a variety of substrates. In one PVD process, known as
sputtering, atoms are gjected from the surface of a sputtering target by bombardment with gas
tons, such as plasma. Thus, the sputtering target is the source of material which 15 deposited

onto a substrate.

16004} Phase change materials are emerging as pronusing materials for use in non-
volatile memory devices. Phase change materials store mformation in their amorphous and
crystalline phases, and can be rapidly reversibly changed by applving voliage o the material.
Many phase change materials include at ieast one element from Group V1 of the periodic
table (i.e., chalcogenides) combined with one or more elements from Group IV or Group V of
the periodic table. Often the elements of the phase change materials have disparate meliing
points and hugh vapor pressure. This poses challenges to manufacture phase change materials
while maintaining high metal purity, low oxygen content, and desired compound
stoichiometry. This is particularty true if the phase change material contains one or more

elements with a high melting point.

[0005] Chalcogenide sputtering targets may be used in semiconducior memory
applications to form thin films of chalcogenide materials on substrates. One current method
of forming chalcogenide sputtering targets involves the consolidation of individual elemental
powders to achieve the desired composition. This method tends to produce high oxygen

levels. Additionally, density may suffer because of the himiting factor imposed by the lowest



meliing constituent. Another meathod for forming chalcogenide sputtering targets utilizes
sealed guartz tubes as reactors (o alloy and solidify the entire composition. This method s
expensive and difficult o scale. Further, the resuitant material tends to produce a porous

sputltering target due to the formation of intermetallics which resist consolidation.

SUMMARY
[(006] In one embodiment, a physical vapor deposition device inclades a phase change
material sputtering target including a primary matnx and at least one additional phase
substantially homogenously dispersed in the primary matrix. The primary matrix includes at
least one element from Group VI of the periodic table excluding oxygen and one or more
elements from Group IV or Group V of the pertodic table. Suitable additional phases can be
compounds or elemental materials.
166071 Methods of making a phase change material sputtering target are also provided.
While multiple embodiments are disclosed, still other embodiments of the present invention
will become apparent to those skilled in the art from the following detalled description, which
shows and describes iHustrative embodiments of the invention. Accordingly, the drawings

and detailed description are to be regarded as illustrative in nature and not restrictive.

BRIEF BESCRIPTION OF THE DRAWINGS
{0081 FIG. 1 1s a diagrammatic view of a portion of an exemplary physical vapor

deposition apparatus.

16609} FIG. 2 1s a graph of temperature versus probe position for an exemplary GeSeAs

material.

(6610} FIGS. 3 and 4 are scanning electron microscopy images for Example 1.
[6611] FIGS. 5 and 6 are scanning eleciron microscopy images for Example 2.
16612} FIG. 715 amean size distribution graph for Example 2.

[0013] FIG. 8 is images from energy dispersive x-ray (EDS} for Example 2.

[0014] FIGz. 9 is a scanning electron microscopy image for Example 4,

DETAILED DESCRIPTION
[60615] The current disclosure relates (o phase change material sputtering targets and
methods of making the same. A diagrammatic view of a portion of an exemplary physical

vapor deposition apparatus 10 is shown in FIG. 1. A physical vapor deposition (“PVD™)



apparatus 10 comprises a backing plate 12 having a sputtering iarget 14 bonded thereto, such
as with an epoxy bond, an indium bond, or other types of solder bonds. A semiconductive
material wafer 18 is within the apparatus 10 and provided to be spaced from the target 14
Surface 16 of spuitering target 14 15 a sputtering surface In operation, sputtered material 22
is displaced from sputtering surface 16 of sputtering target 14 and forms a coating {or thin
film} 20 over wafer 18, Tn some embodiments, sputtering target 14 may be used m the PVD
apparatus 10 without backing plate 12, This configuration is referred to as a monolithic

configuration.

60616} In some embodiments, sputiering target 14 is a phase change sputtering {arget
formed from an allov compound containing a pnimary allov material and at least one
additional phase. The primary allov material includes at least one element from Group V1 of
the periodic table (1.e., chalcogenide) and one or more elements from Group IV or Group V
of the periodic table. Suitable elements from Group VI mclude sulfur (8), selenium (Se),
tellurium (Te) and polonium (Po). Suitable elements from Group IV and V include
germanium {Ge), arsenic {As), tin (8n} and antimony (8b). The primary alloy material can

exhibit a glass transition behavior in some embodiments.

{66171 The sputiering target 14 includes at least one additional phase. The additional
phase may be a corapound or an elemental material. Suwitable additional phases can be
compounds such as GeSe or elements such as silicon {81}, In some embodiments, the
sputtering target 14 can include an additional phase and an additional elemental material. For
example, the sputtering target 14 can include 81 and GeSe. In some embodiments, sputtering
target 14 may consist or consist essentially of selenium, germanium, arsenic, and silicon or
may consist or consist essentially of germanium, arsenic, tellurium, and silicon, where such

listing do not indicate empirical ratios of the elements. Trace impurities may also be present.

{6018} In some embodiments, the Group VI element(s) muay be represent in the major
constituents of the alloy compound. For example, the Group VI elemeni(s) may be present in
amount from abowt 45 wi% to about 80 wi% by weight of the alloy compound. In some
ernbodiments, each element from Group IV or V may be present in amounis from about 5
wi% to about 50 wito of the alloy compound. The alloy compounds may range from binary
to quinary compounds. In some embodiments, the alloy compounds may contain more than
five components {i.e., may be of a higher order than a quaternary compound). Exemplary

composition ranges of alloy compounds for sputiering target 14 are provided i Table 1.



{6619} Table 1. Exemplarily Compositions

Ge (wi%) As (Wt} Te {(wi%) Se (wi%) Si{(wit%)
Example 1 | 5-15 20-40 ~ 45-65 0-10
Example 2 | 5-20 20-40 45-65 - 0-10
Example 3 { 20-50 0-20 0-25 45-80 0-10
66201 In some embodiments, the alloy compound may be comprised of a bulk or

primary matrix that may be a single phase or near single phase alloy. The bulk matrix may
contain one or more homogeneously or substantially homogeneously distributed additional

phases.

(6021} In some embodiments, the homogeneous characterization of the additional
phase(s) is indicated by a homogenous or substantially homogenous elemental composition.
For example, in some embodiments, FEI measurements taken across the sputtering surface of
the sputtering target 14 mdicate less than 1% varnation n atomic elemental composition. For
example, samples trom the center, mid-radius, and edge of the target blank indicate less than
%o variation in atomic elemental composition.  In some embodiments, a sputtering target
having a substantially homogeneous distribution of additional phases s characterized by
collecting the phase size and count across a sample. The sum of the phases 15 uniform within
less than 10% relative deviation center-to-edge and the mndividual phases are uniform within
less than 10% relative deviation center-to-edge. In some embodiments, the average size of
the phases 15 uniform within less than 5% relative deviation center-to-edge. An example
sputiering target having substantially homogenously distributed additional phases is provided

in Table 2.



Table 2

Sample | Area Particle | Particle | 81 St St Si-Te | St-Te | Si-Te
location | Scanne | s of g of count | particle | avg count | per avg
d interest | interest s per stze mm2 | size
{om2) | marea | per mm2
mm2
Center 0.478 956 2000 319 667 16.9 | 637 §1333 | 7.88
Mid-
radial 0.472 a53 2019 325 689 17.74 | 628 1331 | 835
Edge 0.421 954 2266 335 796 17.3% 1 619 1470 | 7.97
Average 2095 326 717 17.34 | 628 1378 | 8.07
Standard
Deviatio
n 148 8.08 | 6881 042 {9 &0 0.25
Relative
Deviatio 2.48 2.43 1.43 {581 3.09
n 7.08% | % 9.39% | % % Y %
[06622] In some embodiments, one or more of the additional phases may have a mean

diameter or size of about 200 microns to less than 10 microns, such as to about 1 micron. In
some embodiments, one or more of the additional phases may have a mean size of less than

about 40 mucrons, such as from about 40 microns to about 1 nucron.

16623} The mean equivalent diameter of an additional phase in the form of an elemental
material may be adjusted using a common reduction method, inchuding crushing, grinding,
ball mill, and jet mull before incorporation nto the bulk matnix. The particles may be sieved
through Standard Tyler Steves or another means to achieve a desired mean diameter or size
distribution. In some embodiments, a silicon second phase may have a mean diameter or size
of approximately 40 microns to less than 10 microns. The use of ultrafine mamfactured

powder may achieve extremely fine dispersals of any secondary phase.

[0024] Sputtering target 14 may have low oxygen content. One suitable method for



determining oxygen content is by gas chromatography. In some embodiments, the oxygen
content may less than 2000 parts per mallion (ppmy, tess than 1000 ppo, less than 300 ppm or
less than 100 ppm. In sore embodiments, the oxygen content may be about 2000 ppm to
about 5 ppm, or about 1000 ppm to about 5 pm, or about 300 ppm to about 5 ppm, or about 5

ppm to about 100 ppm.

[0025] Sputtering target 14 mayv have high purity. Suitable methods for deternmining
purity include inductively coupled plasma optical emission spectrometry (ICP-OES) and
glow discharge mass spectrometry {GDMS). In some embodiments, spuitering target 14 may
meet 4N purity or 99.99% purity. In fwrther embodiments, sputtering target 14 may mest
4NS purity or 99.995% purity. In some embodiments, sputtering target 14 can have a purity

of at least 99.999%.

160626} In some embodiments, sputtering target 14 may have a density of at least 90% of
theoretical density or of at least 95% of theoretical density. For example, in some
embodiments, sputtering target 14 may bave a density of 98% of theoretical density or
greater. In some embodiments, sputtering target 14 may be fully dense. That is, sputtering
target 14 may be free of pores, spaces and voids. A gross indication of porosity may be the
observance of bubbles during an Archimedes density measurement. Ancther method of
determuning porosity involves cross sectional sampling of the chalcogenide alloy matenial. A
fully dense material will be free of voids. Chalcogenide alloy materials do not have
published density values. While the Method of Mixtures supplies a rough estimate, the
presence of multiple alloy or elemental phases as well as varying solid states makes
estimation of density difficult. Furthermore, areas around hard phase constituents with
angular surfaces, such as an additional phase (i.e. silicon), are difficuit to fill in these
composite matenals. Tn some ermnbodiments, sputiering target 14 may be free of voids or
spaces, including free of voids or spaces between the bulk matrix and the additional phase(s).
SEM imaging can be used to detect voids or spaces between the bulk matrix and the

additional phase(s). The process methodology developed completely fills these gaps.

16627} Sputtering target 14 may have a subsiantially consistent or homogenous
elemental distribution across the sputtering surface. For example, samples taken at the edge,
mid-radius and center of the sputtering swface may have substantially the same elemental
distribution. Suitable methods for determining elemental distribution include FEI mapping
utilizing energy dispersive x-ray (EDS) of cross sections. In some embodiments, FE!

mapping may mdicate less than 1% variation in atomic elemental composition from center to
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mid-radius to edge of the target sputtering target 14. Another suitable method involves
analyzing a series of samples using ICP-OES to track major constituents at various locations.
Figure 8 illustrates EDIS mapping across the radius of a quaternary alloy target blank. The

elements are equally dispersed throughout each sample and across the blank.

16025} Spuitering target 14 mav be formed by synthesizing a primary allov, which is
then reduced to powder and blended with at teast one second alloy powder or elemental
powder to form a powder mixture.  The powder muxture is vacuum hot pressed to densify

and form a sputtering target.

06029} The primary alloy may be formed by melting components with favorable binary
or temary phases in a crucible. Tn some embodiments, the primary alloy is a binary alfoy
having a first component selected from Group VI of the periodic table {excluding oxvgen)
and the second component selected from Group IV or Group V of the periodic table. Many
chalcogenides contain either selenium or arsenic, elements with relatively low melting poinis
and high vapor pressure. Care must be taken to choose compositions that mininuze yield loss
and maintain nonunal composition. The allov may be formed in an nert atmosphere to

reduce oxidation.

[(030] In some embodiments, the primary alloy may be a ternary alioy formed by adding
a third coroponent to the molten bmary allov. In some embodiments, the terperature at
which the molten binary alloy is maintained may be reduced before the third component is
added to munimize loss of the third component. In some embodiments a third component and
one or more additional components are added to the molten binary alloy. The temperature at
which the molten binary allov 1s maintained mav be reduced before the addition of the

component.

0031 The molten primary alloy may be poured into a mold. In some embodiments, the
o o
primary alloy rapidly solidifies to form a homogenous or at least substantially homogenous,

amorphous, glassy billet.

16632} A second allov powder may be formed using a process similar to the primary
allov powder. The second alloy may exhibit glass-tike characteristics similar to the primary
alloy or may be a harder material that will be encapsulated by the primary alloy during
consolidation. The second alloy powder is reduced to a powder before blending with the

primary alloy powder. Additional allovs powder may also be formed in a similar process.

{66331 One or more elemental powders may also be added to the powder mixture. For



example, stlicon shot may be added to the powder muxture. In some embodiments, the shot
may be reduced in mean particle size prior (o adding the elemental powder to the powder

mixture.

16634} The primary alloy and at least one additional alloy powder (such as the second
allov powder} or elemental powder are blended to achieve the desired stoichiometry. That is,
the powder mixture includes the primary alloy powder and one more additional alloy

powders and/or elemental powders. In some embodiments, the elemental powders may be
produced physically from bulk material to achieve a desired particle size or may be purchased
as powders of predetermined particle size. In some embodiments, the powder mixture is
formed by mixing a termary alloy in powder form with silicon powder. The elemental
powders tend to be high melting materials that raise the liquidus to temperatures that would

vaporize lower melting components.

{6635} The powder mixture is loaded into a vacuum hot press for consolidation and
formation of the sputtering target blank. In some embodiments, silicon may be reduced in
form factor shortly before it is blended in the powder mixture. For example, silicon in the
form of shot may be reduced to a powder. In some embodiments, the initial silicon shot may
have an average diameter of 5 mm and may be reduced to silicon powder having a Tyler
Equivalent Mesh size of at least -140 M. It has been found that reducing the silicon form
factor shortly before it is blended with the powder mixture reduces the oxvgen content of the

sputtering target.

(6636} The powder blend may be hot pressed at the glass transition temperature of the
primary alloy. The glass transition temperature is the termperature range over which a
material fransitions from a solid or hard state to a flowable or viscous state. f the
temperature of the hot press is too low, the sputiering target will be less dense. If the
ternperature of the hot press is too high, the material may squeeze out of the die set. The
correct balance of temperature and pressure produces a high density chalcogenide targe
blank.

{6637} When vacuum hot pressed at the glass transition {emperature, the primary alloy
flows around harder components o form a dense sputtering target blank. Additional
components may either be another chalcogenide glass that softens or a hard alloy. Remaining
additions may be elemental (i.e. silicon) to complete the desired composition. As described

heremn, the sputtering target may have a density of at least 95% of theoretical density, and in



some embodiments may be completely densified with no observable porosity.

60638} The sputiering target blank may be subjected to additional surface treatments
and/or machining after the vacuum hot press. For example, the surface of the sputtering
target blank may be cleaned. In some embodiments, the sputtering target blank 15 processed
to form a sputtering target which may be bonded {0 a backing plate. For example, the
sputtering target may be bonded io a backing plate by an epoxy, mdium bond, or other type

of solder bond.

16639] Example 1 - SeAsGeSi Sputiering Target

[040] A sputtering target blank was formed of selenium, germanium, arsenic, and
silicon. A binary allov was created by combining and heating arsenic and selenium in a

crucible in an inert atmosphere. The molten primary alloy was cast and cooled.

60641} A second binary alloy was created by combining and heating selenium and
germanium in a crucible in an inert atmosphere. The molten second binary alloy was cast

and cooled.

10042} The primary and secondary alloys are glasses. Thermal analvsis was used 1o
determine the glass transition temperatures. The primary and secondary allovs were reduced
i form factor. Silicon shot was reduced in form factor to suitable particle size to combine
with the reduced form factor primary and secondary allovs. The mixture was vacuum hot

pressed at conditions poriraved in Figure 2.

60643} In Trial 1, the SeAsGeSi material was vacuum hot pressed at the temperature of
point A. The resulting sputtering target was about 74% dense and crumbled. The resulting
sputtering target was not suiable.

6044} In Trial 2, the SeAsGeSi material was vacuum hot pressed at the temperature of
point B. Negligible squeerze out was observed during hot pressing. The resulting sputtering
was greater than 999 dense.

603451 In Tnal 3, the SeAsGeSi matenial was vacuum hot pressed at the temperature of
point C. Negligible squeeze out was observed during hot pressing. The resulting sputtering
target had a density of 100%.

{6046} Figures 3 and 4 are scanning electron microscopy images of the consolidated

SeAsGeSt compound. Three regions are evident in Figure 4. More specifically, the
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elemental phase (i.e., silicon) is the dark areas indicated by “E”, the bulk phase {i.e, SeAs) is
the primary lighter areas indicated by “B” phase, and the additional phase (i.e., GeSe) is the
secondary darker areas indicated by “S” in Figure 4. The sample in Figure 3 15 substantially
SeAs with a homogeneous mixture of GeSe and silicon interspersed. There is no evidence of

voids.

160647} Silicon has a melting point of 1410°C, which 1s higher than the boiling point of
selenium and arsenic. In particular, the high temperature required to dissolve silicon can
drive off selenium and arsenic as highly toxic vapors. In Example 1, the creation of first and
second binary allovs result in less vaporization of selenium and arsenic. The creation of a
combination of lower melting chalcogenide alloys preserves the integrity of the selenium and

arsenic content while enabling densification.
{00648} Examples 2 and 3 — GeAsTeS1 Spuitering Target

{60649} A sputtering target was formed of germanium, arsenic, tellurium, and silicon. A
ternary alloy was created by combining and heating germanium, telfurium, and arsenicin a
crucible in an inert atmosphere. The raw matenial form factor is adjusted to provide the most

favorable casting condition.

60301 The temperaiure of the crucible was maintained in a region between the solidus
and tiquidus for this particular alloy to suppress arsenic volatilization. The molten alloy is
poured into a graphite mold. Rapid solidification miminuzes segregation of potential phases

within the ternary alloy system.

{60651} The ternary alioy was combinad with silicon and the powder mixture was
vacuum hot pressed. The ternary allov was reduced 1n form factor to Tyvler Equivalent Mesh
Size of ~100M shortly before combination. Tn Example 2, the silicon was reduced from shot
to Tyvler Equivalent Mesh Size of -140M (about 40 um mean size) shortly before
combmation. In Example 3 a fine silicon powder (about 8 ym mean size) was used. Table 2
tHustrates silicon particle size distributions for several trials in which the average particle size
(" Avg™), standard deviation in particle size (“StdDev™), median particle size (“Median™),
minimum particle size ("Min”), maximum particle size {("Max"} and the particle count by
particle size range (“particle count™) are provided. Particle count is the number of particles
falling within a particle size range in which Gipl has a size of 1.00-3.10 pm, Grp2 has a size

of 3.10-9.61 um, Grp 3 has asize 0o 2.61-29.79 um, and Grp 4 has a size of 29.79-92.35 um).

606521 Table 2: Silicon Particle Size Distribution for Several Tnals

16



Particle count

Sampl | Total Averag | StdDe | Media | Min | Max | Grp | Grp | 3Gr | Gip

e particle | e v B 1 2 p 4
S

Lot 453 7.88 372 7.30 1.7 12854 {32 312 {109 |0
#357 2

Lot 404 14.15 7.64 1272 115 [5023 16 131 (252 (18
#372 8

Lot 232 19.43 7.51 1915 143 (4876 {0 22 190 {20
#362 R

Lot 356 39.59 17.15 {3689 {57 11069 {0 6 109 | 238
#361 3 4
(053] Figures 5 and 6 are images from a scanning eleciron microscopy of the resulting

sputtering target blanks of Exarople 2 and Example 3, respectively. As shown, the GeAsTe
allov was near single phase. The silicon second phase is substantially homogeneously
dispersed with a mean diameter of 38 and 8 microns, respectively. There is no evidence of

POrosity.

6654} FEI was used to measure the silicon size distribution of Example 2 and a
distribution plot 1s provided in Figure 7. The total number of particles analyzed was 730,
The particles had a mean size range between 2 microns and 174 microns with a mean size of
31 microns and a standard deviation of 27.5. The majority of the particles having a mean size

of less than 100 nucrons.

[6055] An FEI Map of Example 2 is provided in Figure & Samples were cross-sectioned
from areas corresponding to the edge, mid-radius and center of the target blank. The
distribution of each component at each location is substantiallv homogenous.

[0056] Oradation s affected by the ambient environment, the reactivity of the material,
time, and the surface area of individual components. In one embodiment, IGA revealed an
mncrease of oxyvgen level from 34ppm to 82ppm when the silicon particle size was reduced

prior to consolidation from -140M to ~325M, respectively.
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{80571 Example 4 ~ GeAsSeTe Sputtering Target

R A sputtering target was formed of germanium, arsenic, selenium, and tellurium.
Binary alloys were crealed by combining and heating germanium and telfurium, and
separately selenium and arsenic in crucibles in an inert atmosphere. The raw material form

factor is adjusted to provide the most favorable casting condition.

{60659} The temperature of the crucible was maintained in a region between the solidus
and hquidus for the SeAs alloy to suppress volatilization. The molten alloy 1s poured into a
graphite mold. Rapid solidification minimizes segregation of potential phases within the

binary alloy svstem.

[G060] The temperature of the crucible was maintained in a region between the solidus
and liguidus for the GeTe alloy to suppress volatilization. The molten alloy is removed from
a graphite mold.

6661} The two binarv alloys are reduced to powder and mixed in a ratio to achieve the
desired final stoichiometry. The powder misture was vacuum hot pressed. The primary alloy
{SeAs) and secondary alloy (GeTe) were reduced in form factor to Tvler Equivalent Mesh

Size of -140M shortly before combination.

[0062] Figure 9 s an image from a scanning electron microscopy of the resulting
sputlering target blank of Example 4. The bulk matrix was comprised of a primary phase
SeAs. As shown, the SeAs alloy was near single phase. The second phase 1s the lighter areas
and 1s GeTe compound. The GeTe second phase is substantially homogeneously dispersed
throughout the sample. Some elemental germanium is present and is the dark areas. There is

no evidence of porosity.

86631 Oxidation is affected by the ambient environment, the reactivity of the material,
time, and the surface area of individual components. In this embodiment, IGA revealed an

oxygen level of 190ppm.

60664} Vartous modifications and additions can be made to the exemplary embodimenis
discussed without departing from the scope of the present invention. For example, while the
embodiments described above refer 1o particular features, the scope of this invention also
imcludes embodiments having different combinations of features and embodiments that do

not ichude all of the above described features.



CLAIMS

What is claimed is:

1. A method of forming a phase change material sputtering target, the method comprising:

forming a primary alloy including at least one element from Group V1 of the periodic
table excluding oxygen and at least one element from Group 1V or Group V of the periodic
table;

reducing the primary alloy to form an alloy powder;

forming a powder mixture by blending the alloy powder with an additional powder
component; and

hot pressing the powder mixture to form a sputtering target, wherein the powder
mixture is hot pressed at the glass transition temperature of the primary alloy.

2. The method of claim 1 wherein the additional powder is an alloy powder or an elemental
powder.
3. The method of claim 1 and further comprising:

forming a second alloy including at least one element from Group VI of the periodic
table excluding oxygen and at least one element from Group IV or Group V of the periodic
table; and

reducing the second alloy to form a second alloy powder, and wherein the powder
mixture is formed by blending the primary alloy powder, the second alloy powder and

optionally one or more additional powder components.

4. The method of claim 3 wherein the second alloy has a higher hardness than the primary

alloy.
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