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GERMANIUM ANTIMONY TELLURIDE MATERIALS AND
DEVICES INCORPORATING SAME

Cross-Reference to Related Application
[0001] The benefit of priority is hereby claimed under the provisions of 35 USC 119
to U.S. Provisional Patent Application No. 61/317,829 filed March 26, 2010 in the name of

Jun-Fei Zheng for “Low Temperature GST Process and Films.” The disclosure of said U.S.
Provisional Patent Application No. 61/317,829 is hereby incorporated herein by reference in its

entirety, for all purposes.

Technical Field
[0002] The present invention relates generally to germanium antimony telluride

materials and to microelectronic devices and device structures incorporating same.

Background

[0003] Materials such as germanium (Ge), antimony (Sb), and tellurium (Te) can be
deposited onto substrates to form GeSbTe (GST) alloys as phase change memory (PCM)
materials for use in semiconductor wafers or other semiconductor device structures. The
conformal deposition of such materials in the forms of GST films is desirable for use in
semiconductor device structures having high aspect ratio topographical features such as vias.
[0004] The deposition of GST materials to form films for PCM applications can be
carried out using vapor deposition processes, such as chemical vapor deposition (CVD),
metalorganic chemical vapor deposition (MOCVD), atomic layer deposition (ALD), or other
vapor phase techniques.

[0005] PCM technology has the potential to expand commercially into dynamic
random access memory (DRAM) and storage class memory (SCM) applications. These
applications require long cycling endurance and fast write speeds while maintaining sufficient
data retention character, as well as maintaining a low set resistance at small device scales and
high aspect ratios. In this respect, alloy compositions and device structure have major and
related impact on the PCM performance of the product device. The ability to conformally
deposit GST films enables improved PCM cell heating efficiency with lower reset current, by
minimizing the amount of GST film material in the cell and reducing heat loss.

[0006] Significant efforts are ongoing to improve performance of PCM alloy
compositions and device performance (e.g., low reset current, device speed, cycle endurance),
relative to that achieved by the GST225 alloy (atomic composition 22.5% Ge, 22.5%Sb, and
55%Te) currently used as a benchmark standard for PCM films and devices.
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[0007] The processing and handling of Ge, Sb, and Te materials for applying GST
films using CVD normally occurs at substrate temperatures above about 300 degrees C. The
reason for this is that typical precursors for CVD processes generally utilize such high
temperatures to promote molecular reactivity. However, amorphous or partially amorphous
GST films are desired to attain the conformal deposition of the films and thus the substrate
process temperature is preferred to be below the GST crystallization temperature, which is
generally less than about 300 degrees C. This, however, has proven difficult, since tellurium
precursors used in chemical vapor deposition processes are difficult to activate and only have
suitable reactivity at temperatures typically higher than 300 degrees C. Further, because
conventional CVD techniques utilize precursors in the deposition of the GST at processing
temperatures of 300 degrees C and above, the deposition of the GST film generally results in
the crystallization of the film and thus is typically not conformal, particularly when Te is
present in amounts above about 45% in the product GST film.

[0008] There is therefore a compelling need for improved GST films and phase

change microelectronic devices utilizing same, e.g., for PCRAM applications.

Summary

[0009] In one aspect, the present disclosure relates to a chalcogenide material selected

from the group consisting of:

(1) material of the formula Ge,Sb,Te,C,N,

wherein:

x is about 0.1-0.6, y is about 0-0.7, z is about 0.2-0.9, m is about 0.02-0.20, and n is about 0.2-
0.20;

(it) material of the formula Ge,SbyTe, Ay, wherein A is a dopant element selected from the
group of N, C, In, Sn, and Se, and wherein x is from 0.1 to 0.6, y is from O to 0.7, z is from 0.2

to 0.9, and m 1s from O to 0.15;

(ii1) material containing 27.5 to 33% germanium, with tellurium up to 55%, and the remainder

being antimony;

(1v) 225 GeSbTe doped with germanium to yield germanium-rich GeSbTe material;
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(v) germanium-enriched GeSbTe having a ratio of GeTe:Sb,Te; that is in a range of from 3:1 to

10:1;

(vi) GeSbTe material containing 25 to 60 % germanium, 8 to 25 % antimony, and 40 to 55%

tellurium; and

(vil) material selected from the group consisting of materials (i1)-(vi), as doped with at least one

of carbon and nitrogen, wherein the amount of each is in a range of from 2 to 20 %.

[0010] In another aspect the disclosure relates to a GST film having an atomic
composition comprising from 0 to 50% Sb, from 50 to 80% Te, from 20 to 50% Ge, from 3 to
20% N and from 2 to 15% carbon, and wherein all atomic percentages of all components of the
film total to 100 atomic %.

[0011] A further aspect of the invention relates to a GST thin film having an atomic
composition comprising from 10 to 50% Sb, from 50 to 80% Te, from 10 to 50% Ge, from 3 to
20% N and from 3 to 20% carbon, and wherein all atomic percentages of all components of the
film total to 100 atomic %.

[0012] As used herein, the term “film” refers to a layer of deposited material having a
thickness below 1000 micrometers, e.g., from such value down to atomic monolayer thickness
values. In various embodiments, film thicknesses of deposited material layers in the practice of
the invention may for example be below 100, 10, or 1 micrometers, or in various thin film
regimes below 200, 100, or 50 nanometers, depending on the specific application involved. As
used herein, the term “thin film” means a layer of a material having a thickness below 1
micrometer.

[0013] As used herein and in the appended claims, the singular forms "a", "and", and
"the" include plural referents unless the context clearly dictates otherwise.

[0014] As used herein, the identification of a carbon number range, e.g., in C,-C;,
alkyl, is intended to include each of the component carbon number moieties within such range,
so that each intervening carbon number and any other stated or intervening carbon number
value in that stated range, is encompassed, it being further understood that sub-ranges of carbon
number within specified carbon number ranges may independently be included in smaller
carbon number ranges, within the scope of the invention, and that ranges of carbon numbers
specifically excluding a carbon number or numbers are included in the invention, and sub-
ranges excluding either or both of carbon number limits of specified ranges are also included in
the invention. Accordingly, C,-C}, alkyl is intended to include methyl, ethyl, propyl, butyl,
pentyl, hexyl, heptyl, octyl, nonyl, decyl, undecyl and dodecyl, including straight chain as well

as branched groups of such types. It therefore is to be appreciated that identification of a
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carbon number range, e.g., C;-Ci,, as broadly applicable to a substituent moiety, enables, in
specific embodiments of the invention, the carbon number range to be further restricted, as a
sub-group of moieties having a carbon number range within the broader specification of the
substituent moiety. By way of example, the carbon number range e.g., C,-Cy; alkyl, may be
more restrictively specified, in particular embodiments of the invention, to encompass sub-
ranges such as C;-C, alkyl, C,-Cg alkyl, C,-C, alkyl, C;-Cs alkyl, or any other sub-range within
the broad carbon number range.

[0015] Other aspects, features and advantages of the disclosure will be more fully

apparent from the ensuing description.

Brief Description of Drawings

[0016] FIG. 1 is a schematic representation of a GST deposition process that can be
employed to form the chalcogenide materials of the present disclosure.

[0017] FIG. 2a is a representation illustrating the conformal deposition of GST film
with a Ge:Sb:Te composition close to 4:1:5.

[0018] FIG.2b is an X-ray diffraction scan pattern of a GST film with a Ge:Sb:Te
composition close to 4:1:5 and showing amorphous characteristics.

[0019] FIG. 3 is a schematic representation of another GST deposition process that
can be used to form chalcogenide materials of the present disclosure.

[0020] FIG. 4 is a schematic representation of another GST deposition process that
can be used to form chalcogenide materials of the present disclosure.

[0021] FIG. 5 is a graphical representation of growth rate of a GST composition
versus the inverse of the activation region temperature.

[0022] FIG. 6 is a graphical representation of growth rate of a GST composition
versus the inverse of the activation region temperature.

[0023] FIG. 7 is a schematic representation of a phase change memory cell device
including chalcogenide material of the present disclosure.

[0024] FIG. 8a is a representation illustrating the conformal deposition of GST film

with a Ge:Sb:Te composition close to 2:2:5.

[0025] FIG.8b is an X-ray diffraction scan pattern of a GST film with a Ge:Sb:Te
composition close to 2:2:5 showing some crystalline characteristics.

[0026] FIG. 9 is a graphical representation illustrating GST film having C and N.
[0027] FIG. 10a is a graphical representation of the resistivity of GST film after
annealing.

[0028] FIG. 10b is a graphical representation of the resistivity of GST film after
annealing.
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[0029] FIG. 11 is a compositional phase diagram reflecting relative amounts of
germanium (Ge), antimony (Sb) and tellurium (Te) in GST films, showing a compositional
region A for highly conformal MOCVD characterized by high tellurium content, as
distinguished from region B reflecting lower tellurium content films.

[0030] FIG. 12 is an enlarged view of region A of FIG. 11, showing data points
associated with photomicrographs showing good morphology in high tellurium content films.
[0031] FIG. 13 is a graph of resistance, in ohms, as a function of reset current, in
milliamps, showing data for a physical vapor deposition of 225 composition GST, and data for
MOCVD of corresponding GST. The data show a low reset current to be achieved by
conformal chemical vapor deposition in the low temperature process of the present disclosure.
[0032] FIG. 14 is a graph of reset current, in milliamps, as a function of voltage, in
volts, for a physical vapor deposition of 225 composition GST, and data for MOCVD of
corresponding GST. The data, like that in FIG. 13, show a low reset current to be achieved by
conformal chemical vapor deposition in the low temperature process of the present disclosure.
[0033] FIG. 15 is a graph of resistivity, as a function of temperature in degree C, for a
GST film containing the following atomic percentages: 32% germanium, 13% antimony and
54% tellurium. The film had a thickness of 140 A. Rho(RT) was approximately 6 ohm-
centimeters to 0.03 ohm-centimeter. The film was not fully annealed (255°C). The graph
shows a crystallization temperature on the order of 220°C.

[0034] FIG. 16 is a graph of atomic concentrations of germanium, antimony,
tellurium, and nitrogen, and Si intensity (arbitrary units), as a function of depth, in nanometers
for an illustrative GST film having a nitrogen impurity at a concentration of less than 10 atomic
percent.

[0035] FIG. 17a is a graph of atomic concentration of oxygen and nitrogen, and Ge,
Te, and Sb intensity (arbitary units), as a function of depth, in nanometers, for an illustrative
GST film having essentially oxygen-free character and a carbon impurity on the order of
approximately 3%.

[0036] FIG. 17b is a graph of atomic concentration of oxygen and carbon, and Ge, Te,
and Sb intensity (arbitary units), as a function of depth, in nanometers, for an illustrative GST
film having essentially oxygen-free character and a carbon impurity on the order of
approximately 10%.

[0037] FIG. 18 is a photomicrograph showing GST material as deposited at low
temperature in a low aspect ratio structure, in contact with a TiAIN bottom layer and a TiN top
layer, after 7 x 10’ phase change cycles.

[0038] FIG. 19 is a photomicrograph of GST deposited in a high aspect ratio structure

of a virgin device.
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[0039] FIG. 20 is a photomicrograph of a PVD GST film after chemical mechanical
planarization (CMP).

[0040] FIG. 21 shows the Reset Current (R-I) curves for PCM devices made from
MOCVD GST 325, MOCVD GST 225, and PVD GST 225 with N and C.

[0041] FIG. 22 is a graph of I-V curves in PCM devices, for PVD GST 225, MOCVD
GST 225, and MOCVD GST 325.

[0042] FIG. 23 is a graph of resistance as a function of set pulse width and set pulse
fall time, for (a) set-speed using a square-shaped pulse method, and (b) set-speed using a set-
sweep pulse method.

[0043] FIG. 24 is a graph of time versus 1/KT, showing the 10 year data retention
temperature established using the time to fail method.

[0044] FIG. 25 is a graph of cycle endurance test data for a PCM device made of
MOCVD GST325, using a square pulse method with a reset pulse time of 100ns and set pulse
time of 500ns with a cycle period of 1usec.

Detailed Description

[0045] All percentages expressed herein are atomic percentages.

[0046] Unless otherwise specified, all film compositions herein are specified in terms
of atomic percentages of the film components, wherein the sum of all atomic percentages of all
components in the film totals to 100 atomic %.

[0047] As used herein, the term CVD is defined as the deposition of a solid on a
surface from a chemical precursor, and includes but is not limited to the following:
Atmospheric pressure CVD (APCVD), Low pressure CVD (LPCVD), Ultrahigh vacuum CVD
(UHVCVD), Aerosol-assisted CVD (AACVD), Digital CVD (DCVD), Direct liquid injection
CVD (DLICVD), Microwave plasma-assisted CVD (MPCVD), Plasma-enhanced CVD
(PECVD), Remote plasma-enhanced CVD (RPECVD), Atomic layer CVD (ALCVD), Hot
wire CVD (HWCVD), Metalorganic chemical vapor deposition (MOCVD), Hybrid physical-
chemical vapor deposition (HPCVD), Rapid thermal CVD (RTCVD), and Vapor phase epitaxy
(VPE).

[0048] The present disclosure relates in a primary aspect to chalcogenide materials
having utility for manufacture of semiconductor materials, devices and device precursor
structures.

[0049] The chalcogenide materials can for example include those selected from the

group consisting of:

(1) material of the formula Ge,Sb,Te,C,N,
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wherein:
x is about 0.1-0.6, y is about 0-0.7, z is about 0.2-0.9, m is about 0.02-0.20, and n is about 0.02-
0.20;

(it) material of the formula Ge,SbyTe Ay, wherein A is a dopant element selected from the
group of N, C, In, Sn, and Se, and wherein x is from 0.1 to 0.6, y is from O to 0.7, z is from 0.2
to 0.9, and m 1s from O to 0.15;

(ii1) material containing 27.5 to 33% germanium, with tellurium up to 55%, and the remainder

being antimony;

(1v) 225 GeSbTe doped with germanium to yield germanium-rich GeSbTe material;

(v) germanium-enriched GeSbTe having a ratio of GeTe:Sb,Te; that is in a range of from 3:1 to

10:1;

(vi) GeSbTe material containing 25 to 60 % germanium, 8 to 25 % antimony, and 40 to 55%

tellurium; and

(vil) material selected from the group consisting of materials (i1)-(vi), as doped with at least one

of carbon and nitrogen, wherein the amount of each is in a range of from 2 to 20 %.

[0050] The material of the above-described type can include material in which
Ge,SbyTe, therein has an atomic composition selected from the group consisting of:
(1) 22.5 at.% germanium, 22.5 at.% antimony and 55 at.% tellurium;

(i1) 27.5 to 32.5 at.% germanium and from 50 to 55 at.% tellurium;

(ii1) 27 to 33% germanium, from 14 to 23% antimony and from 50 to 55% tellurium;
(iv) 27.2% germanium, 18.2% antimony and 54.5% tellurium;

(v) 30.7% germanium, 15.4% antimony, and 53.9% tellurium;

(vi) 33.3% germanium, 13.3% antimony and 53.3% tellurium;

(vil) 35.3% germanium, 11.8% antimony and 52.9% tellurium;

(viil) 36% germanium, 14% antimony and 50% tellurium;

(ix) 40% germanium, 8% antimony and 52% tellurium;

(x)) 40% germanium, 5% antimony and 55% tellurium;

(x1) 30% germanium, 19% antimony and 51% tellurium;

(xi1) 30% germanium, 16% antimony and 54% tellurium; and

_7-
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(xiii) 32% germanium, 14% antimony and 54% tellurium.

[0051] GST materials of the present disclosures can be doped, e.g., with carbon and/or
nitrogen. In various embodiments, the material is doped with carbon at 2 to 20 at. %, or at 3 to
20 at. %, or at 2 to 15 at. %, or at 2 to 10 at. %, or at 3 to 10 at. %, or at 2 to 6 at. %. Likewise,
the material can be doped with nitrogen at 2 to 20 at. %, or at 3 to 20 at. %, or at 3 to 15 at. %,
or at 3to 12 at. %, or at 3 to 10 at. %, or at 5 to 10 at. %. The specific dopant levels can be
readily determined within the skill of the art, based on the present disclosure, by conducting
doping at varying levels and characterizing the resulting films as to their characteristics and
performance qualities.

[0052] The GST materials of the present disclosure can be conformally coated on
substrates, e.g., microelectronic device or device precursor structure substrates, to form
microelectronic devices including such material. The microelectronic device can include a
phase change memory cell, or a memory device.

[0053] One highly advantageous GST film composition for such purpose comprises
from 0 to 50% Sb, from 50 to 80% Te, from 20 to 50% Ge, from 3 to 20% N and from 2 to
15% carbon, and wherein all atomic percentages of all components of the film total to 100
atomic %.

[0054] Another advantageous GST film composition useful for the foregoing
applications comprises from 10 to 50% Sb, from 50 to 80% Te, from 10 to 50% Ge, from 3 to
20% N and from 3 to 20% carbon, and wherein all atomic percentages of all components of the
film total to 100 atomic %.

[0055] As one embodiment of the present disclosure, FIG. 1 depicts a system for
producing and depositing low temperature GST materials is generally designated by the
reference number 10 and hereinafter referred to as “system 10.” In the process of using system
10, GST materials comprising reactants are deposited onto a substrate (hereinafter referred to as
“wafer”) as a film to form a phase change material (PCM) device.

[0056] The system 10 comprises a deposition chamber 12 or furnace defined by at
least one wall 14. However, the present invention is not limited in this regard, as other
configurations are possible. The inner surface of the wall of the deposition chamber 12 defines
a heat shield 14. An inlet 16 is located in the deposition chamber 12 to allow for the
introduction of the reactants (e.g., precursors, co-reactants, and inert materials such as carriers)
into the system 10. The inlet 16 is located in communication with any suitable source, such as
a ProEvap® carrier gas operating system (ATMI, Inc., Danbury, CT, USA), from which the
reactants are delivered. A showerhead 18 is located downstream of the inlet 16 to facilitate the
efficient dispersal and delivery of the reactants delivered from the source. The present

invention is not limited to the use of a showerhead, however, as other similar devices are within
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the scope of this disclosure. A heating coil 20 or any other suitable heating device may be
located at the inlet 16 to heat the reactants during delivery thereof from the source.

[0057] The reactants may be pre-cracking compositions, pre-reaction compositions,
partial decomposition products, and/or other materials that are suitable for controllably altering
reaction conditions in the deposition chamber to produce the desired film. Exemplary reactants
include, but are not limited to, germanium n-butylamidinate (germanium precursor),
tris(dimethylamido)antimony  (antimony precursor), and diterbutyltelluride (tellurium
precursor).

[0058] A heating stage 24 is located in the deposition chamber 12. The heating stage
24 can be heated using any suitable source of energy to cause heat to radiate therefrom. For
example, the heating stage 24 may be heated using an electric current. The present invention is
not so limited, however, as the heating stage 24 can be heated using other means.

[0059] The heating stage 24 comprises one or more support pins 28 that extend
therethrough, each support pins being configured to support a wafer 30 on which the GST
materials are deposited. Any suitable number of support pins 28 can be used to support the
wafer 30. For example, three support pins 28 arranged in a triangular pattern can be used. The
present invention is not limited to any particular number of support pins 28 or any particular
arrangement thereof, as any number and arrangement of support pins is within the scope of the
present disclosure. Preferably, the areas of contact between the support pins 28 and the wafer
30 are minimal.

[0060] The support pins 28 may be fixed relative to the heating stage 24, or they may
be extendable therethrough. In embodiments in which the support pins 28 are extendable
through the heating stage, the wafer 30 may be elevated or lowered as desired.

[0061] In one process of using the system 10, a gas including one or more of Ge, Sb,
and Te precursors and optionally one or more co-reactant gases are delivered into the
deposition chamber 12 from the source via inlet 16. The wafer 30 is located at a distance of
about 5 mm from the heating stage 24 and is, therefore, radiantly heated. Heat radiated from
the heating stage 24 also heats the heat shield 14.

[0062] During and possibly prior to the deposition of materials, the precursors are
activated in an activation region 38 of the deposition chamber 12. When the temperature of the
heating stage 24 is about 320 degrees C to about 400 degrees C, the temperature of the wafer 30
is about 160 degrees C to about 240 degrees C. Because the heat shield 14 is in close proximity
to the heating stage, the temperature of the heat shield 14 in the activation region 38 above
wafer 40 has a temperature that is higher than that of the wafer. Preferably, the temperature of
the heating stage 24 is maintained such that the temperature of the activation region 38 is about

100 degrees C higher than that of the wafer 30.
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[0063] Although the activation region 38 may be located anywhere in the deposition
chamber 12 such that the source materials are activated, location of the activation region on the
surface of the wafer means that the deposition of GST film is substantially a surface reaction.
The present invention is not so limited, however, as there may be a gas phase reaction of source
material prior to deposition on the wafer 30. However, any such gas phase reaction should be
minimized.

[00064] The pressure in the deposition chamber 12 is about 1 Torr to about 10 Torr,
and preferably about 2.5 Torr. The present invention is not limited in this regard, however, as
other pressures may be maintained in the deposition chamber 12 without departing from the
broader aspects of the processes and apparatuses disclosed herein.

[0065] As is shown in FIG. 1, by supporting the wafer 30 using the support pins 28,
the temperature to which the wafer is subjected is reduced (relative to the heating stage 24). As
a result, a composition of GST having a Te content greater than 50% by increasing the influx of
Te precursors without leading to the formation of crystalline GST films has been achieved, as
shown in FIG. 2a. In FIG. 2b, an X-ray diffraction pattern is shown for a similar GST
composition. Table 1 below shows examples of many such films. Using this process, GST can
be obtained with a Ge:Sb:Te ratio of 4:1:5, 2:2:5, or the like.

Table 1 — GST films with varying heating source temperatures and wafer temperatures.

PCT/US2010/035854

Heating Stage

Thickness temperature Wafer temperature
(nm) Ge% | Sb% [ Te% | N% (degrees C) (degrees C)

12.9 25.4 130.9 |43.9 not measured 322 160

7.5 39.4 ]| 16.9 | 43.7 | not measured 342 180

33.8 18 30.9 | 51.2 not measured 342 180

42.6 14.5 | 29.1 56.3 |0 362 197

41.6 31.3 J12.4 [52.2 | 4.1 362 197

36.6 30.6 |14.8 |49.3 |5.33 362 197

16 45.3 |1 5.09 | 49.7 not measured 362 197

27 32.7 | 149 |[48.9 |3.46 382 220

35 23 24 53 0 402 240

39 20 25 55 0 402 240

13.3 35.6 | 10.3 54.1 not measured 402 240

195 9 0.8 84 5.4 402 240
[0066] As is shown in FIG. 3, the wafer 30 may be clevated by the support pins 28 and

located thereon such that the device side of the wafer faces the heating stage 24. In such an
embodiment, the device side of the wafer 30 is heated by thermal radiation to a temperature of
about 180 degrees C to about 240 degrees C by the heating stage 24, which is at a temperature
of about 340 degrees C to about 420 degrees C.

-10 -
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[0067] In another embodiment of the present disclosure as is shown in FIG. 4, a
system for producing and depositing low temperature GST materials is generally designated by
the reference number 110 and hereinafter referred to as “system 110.” In the process of using
system 110, GST materials are again deposited onto a wafer 30 to form a PCM device.

[0068] In the system 110, a deposition chamber 112 is defined by at least one wall
114, the inner surface of which defines a heat shield. An inlet 116 is located in the deposition
chamber 112 to allow for the introduction of precursors, co-reactants, and inert materials. The
inlet 116 is located in communication with any suitable source, such as a ProEvap® carrier gas
operating system from which the precursors and/or other materials are delivered. A
showerhead 118 or similar device is located between the inlet 116 and the wall 114 of the
deposition chamber 112 to facilitate the efficient dispersal and delivery of the precursors and/or
other materials delivered from the source. A screen 122 is located downstream of the
showerhead 118. The screen 122 may be a copper mesh that is operably associated with a
heating mean 120 to distribute heat at a substantially uniform temperature throughout the cross-
sectional area of the path through which the precursors and co-reactants flow. The present
invention is not limited in this regard, however, as other materials may comprise the screen.
The volume between the showerhead 118 and the screen 122 defines an activation region 138,
which includes the heating means 120.

[0069] The deposition chamber 112 includes a heating stage 124 located therein. The
heating stage 124 can be heated using any suitable source of energy. The wafer 30 is located
on the heating stage 124.

[0070] In one process of using the system 110, a source gas including the precursors
and optionally one or more co-reactant gases are delivered into the deposition chamber 112 via
inlet 116. After passing through the showerhead 118 and entering the activation region 138, the
source gas is heated via the heating means 120, thereby activating the precursors before being
deposited on the wafer 30. As the heated source gas passes through the screen 122, the heated
source gas is substantially uniformly and evenly dispersed.

[0071] As is shown in FIG. 4, by activating the precursors in the activation region 138
prior to deposition onto the wafer 30 in the form of a film, some degree of gas phase reaction is
affected. However, in the system 110, the gas phase reaction should be minimized. The final
film deposition is preferably the result of a surface reaction that also occurs as the film is
deposited onto the wafer 30. As is shown in Table 2 below, the reaction can be carried out at
wafer temperatures as low as 150 degrees C and activation region temperatures as low as 200
degrees C. Raising the wafer temperature to 200 degrees C while the activation zone
temperature is 200 degrees C can also lead to the film formation. However, without the 200

degrees C activation zone, a wafer temperature of 200 degrees C alone will not provide the film
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properties and beneficial characteristics that are most desirable for GST film formation,
particularly for the desired high Te GST formation.

Table 2 — Process Results based on configuration of FIG. 4

Experimental Thickness Ge% | Sb Te% Activation Wafer  temperature
Run # (A) % region (degrees C)
temperature
(degrees C)
#3031 101.8 247 | 223 |53 220 150
#3032 67 296 |11.2 |67 220 150
#3033 42.7 35 94 |558 220 150
#3034 57 30.1 | 285|414 220 130
#3035 79.7 18 31.7 | 50.3 200 200
#3036 58.8 30.1 |28 58.8 220 150
[0072] In FIG. 5, the growth (in terms of thickness measured in Angstroms) of the

film deposited on the wafer 30 is plotted versus the reciprocal of temperature for a GST
composition having the ratios of 30:15:55. As can be seen, the growth rate decreases as the
temperature in the activation region is decreased from 270 degrees C to 240 degrees C when
the wafer is maintained at 150 degrees C. In FIG. 6, when the wafer 30 is 200 degrees C, a
similar growth rate decrease is observed, thereby indicating that lower activation region
temperatures lead to lower amounts of Te deposited.

[0073] Not all the precursors or co-reactants need be activated in the activation region
138. Each precursor and co-reactant can be activated separately at different temperatures to
maximize the efficiency of the deposition of the film. The separate activation may further
avoid the over activation of less stable precursors and thus avoid resulting in undesirable
precursor by products or the premature consumption of the precursors by deposition (such as
the formation of particles via gas phase reaction). In particular, one or more components of the
source gas may be added downstream of the activation region 138. For example, in the
configuration of the system 110 as shown in FIG. 4, the Te and Sb precursors and co-reactants
are passed through the activation region 138 with the germanium precursor (GeM) being added
downstream of the activation region 138. In doing so, the temperature of the germanium
precursor can be controlled independently of the temperatures of other precursors and/or co-
reactants, and a deposition process can be obtained in which the temperature of the wafer 30
can be about 110 degrees C and the temperature in the activation region 138 can be as low as
about 186 degrees C, as shown in Table 3.

Table 3 — Deposition results with internal GeM source

Run Ge% |Sb% |Te% | Thickness | Activation region | Wafer  temperature

temperature (degrees C)

(degrees C)
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3031 | 24.7 22.3 53.0 101.8 220 (heating coil 0.5 | 150
in. above wafer)
3032 | 29.6 11.2 59.2 67 220 150
3033 | 35.0 9.25 55.8 42.7 220 130
3034 | 30.1 28.5 414 56.6 186 125
3035 | 18.0 31.7 503 79.7 200 200
3036 | 30.1 28.0 41.9 58.8 186 110
[0074] FIG. 7 is a schematic representation of a phase change memory cell device 200

including chalcogenide material of the present disclosure as phase change memory elements
202 and 204. The cell device includes bit line and word line elements, and includes phase
change memory element 202 in a polycrystalline state, and the phase change memory element
204 in an amorphous state.

[0075] It will be appreciated that the phase change material of the present disclosure
can be provided in thin film and other conformations, and can be utilized in a variety of
microelectronic device applications.

[0076] In any embodiment, the precursors are activated together with co-reactants by
being heated, thereby providing for increased reactivity in the activation regions. The passage
of the precursors and co-reactants along the length of the activation regions partly determines
the degree of reactivity of the precursors. Furthermore, the heating element(s) can be located
inside the heating stages of the deposition chambers, or they can be located in the showerhead
upstream of the substrate, upstream of the showerhead and downstream of the inlet, or even
further upstream in the inlet through which the precursors and co-reactants are introduced.
Multiple heating sources can be used for achieving uniform thermal activations of precursors.
[0077] From a process aspect, the Ge, Sb, and Te precursor vapors can be used with or
without co-reactants such as ammonia gas, hydrogen, nitrogen, or other suitable gases. A gas
flow rate can be about 20 to about 200 standard cubic centimeter per minute (sccm),
particularly for a one inch size substrate (wafer coupon). Gas flow rates are scaled up
accordingly for larger size substrates (e.g., 300 mm or 8 inch wafers). Also, ammonium gas at
200 sccm can be diluted to 50 sccm using a hydrogen flow at 150 scem to decrease the growth
rate or to promote conformal fill benefits. Reduced process pressure from 2.5 Torr to lower
values (e.g., to about 0.25 Torr) may also improve chemical mass transfer functions and
provide for better uniformity and improved conformal deposition. On the other hand, higher
pressures at 10 Torr can improve the growth rate due to higher molecular concentrations from
the precursors being available. Diluent gases such as Ar, N,, He, and combinations thereof can

also be introduced from a bubbler or a ProEvap carrier gas operating system.
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[0078] In any embodiment, dopants such as N, C, In, Sn, Se, and combinations of the
foregoing can be added to the GST film to produce a film having the formula Ge,SbyTe A,
wherein A is the dopant element and wherein x is about 0.1-0.6, y is about 0-0.7, z is about 0.2-
0.9, and m is about 0-0.15. As is shown in FIG. 8a, a scanning electron micrograph depiction
of a GST film having a nitrogen dopant illustrates substantially conformal deposition deep into
vias having high aspect ratios. The thickness of the film was 385.4 Angstroms, and the
composition included 14.1% Ge, 26.4% Sb, 52.6% Te and 6.97% N. In FIG. 8b, an X-ray
diffraction scan pattern of an as-grown film illustrates that the film is conformal and
amorphous. In this XRD of the as-grown film, although crystalline peaks are shown, the sample
is not fully crystalline, and the film is still conformal in character and shows characteristics of
amorphous film. In FIG. 9, a Secondary Ion Mass Spectroscope (SIMS) scan of a GST film
shows the Ge, Sb, Te, and N content distribution. Also as can be seen in FIG. 9, both carbon
and nitrogen doping can co-exist in a GST film. Advantageously, carbon doping may reduce
the reset current of the GST film, and nitrogen doping may improve conformality of the film. It
is estimated that carbon doping reduces the reset current by 2-3 times.

[0079] In any embodiment, after the film is deposited, the wafer 30 may be subjected
to an annealing process to reduce nitrogen content if it is deemed desirable to reduce the

content of nitrogen at this stage. Table 4 below lists the experimental results.

Table 4.
Compostton of GST as-Oeposited Composttion of GST post 45min annealing
Experiment 41 413,98, 35.4% Ge, 36% Sb, 45.7% Te, 1527% N | 45.9% Ge, 4.5% So, 47.1% Te 243% N afer 350C 45min
anealing
Experiment #2 396.98, 43.9% Ge, 4.88% Sb, 51.2% Te 308,38, 44.3% Ge, 5.2% Sb, 49.6% Te, 0.91% N after
11% N measured seperaely 350G 4dmin amneaing
Experiment #3 355,34, 36.2% Ge, 5.0% Sb, 424% Te, 16.31% N | 296,08, 44.2% Ge, 6.6% Sb, 49.1% Te, 0.08% N afer
350 45min annealing

[0080] It will be recognized that the nitrogen content of the films after annealing are
substantially reduced in relation to the nitrogen content of the as-deposited films. It will be
correspondingly appreciated that the content of nitrogen, carbon and other film components is
to be understood in the context of the description herein as referring to the film content after

annealing and/or other post-deposition processing, unless otherwise expressly stated.
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[0081] As discussed earlier herein, the systems and processes of the present disclosure
can be implemented with activation of one or more precursors in the inlet of the deposition
chamber. In other implementations, pre-activation of one or more of the precursors may be
carried out in a pre-activation zone that is outside the deposition chamber, e.g., a separate pre-
activation chamber that may for example be arranged in series or other flow arrangements with
respect to the deposition chamber. Such dedicated pre-activation chamber can in many
instances be more closely controlled as to its temperature, in relation to activation heating
within the deposition chamber. This in turn may enable precursor activation to be achieved
without excessive shift of the process baseline, and with increased capacity to avoid particle
generation that may sometimes occur in the heating zone of the deposition chamber if
temperature of the heating zone falls below desired operating conditions. Thus, the precursor
can be activated in a dedicated activation chamber, e.g., a supply vessel in which the precursor
is activated, at the time of dispensing for use.

[0082] The pre-activation chamber is desirably operated at substantially higher
temperature than inside the chamber, in order to minimize susceptibility to particle formation.
Pre-activation is typically used for one more precursors that are typically only partially
decomposed at high temperature. By selectively activating these high temperature-
decomposable precursors, without activating the other precursors that are able to be deposited
at lower temperature without the need for pre-activation, highly energy-efficient operation can
be attained that is productive of superior film formation on the substrate.

[0083] In some systems and processes, the Ge, Sb and Te precursors may be passed
into the deposition chamber without pre-activation, but such pre-activation may be employed to
make one or more of such precursors more effective in low temperature deposition.

[0084] In other implementations, multiple showerheads may be employed. For
example, to showerheads may be utilized, one for pre-activated precursor(s) and another for
non-pre-activated precursor(s). For such purpose, the two showerheads may be interlaced with
one another and arranged to uniformly distribute both the pre-activated precursor and non-pre-
activated precursor over the entire wafer surface.

[0085] Such multiple showerhead arrangements permit concurrent feeding of activated
and non-activated precursors to the deposition chamber to enable low process temperature to be
utilized for GST film formation. For example, a tellurium precursor can be activated by heating
in an inlet passage to the deposition chamber, or alternatively in a dedicated activation chamber
in which the requisite heating occurs to activate the precursor. The antimony and germanium
precursors would not be activated, but would be introduced with the activated tellurium

precursor to the deposition portion of the deposition chamber.
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[0086] As another example, both tellurium and antimony precursors may be activated
and the germanium may be passed into the deposition chamber without any activation prior to
entering the deposition portion of the deposition chamber.

[0087] Processes of the present disclosure enable deposition of conformal high
tellurium content GST films. Specific precursors are particularly beneficial in achieving such
high tellurium content. For example, di-tertiary-butyl tellurium, (tBu),Te, can be activated to
form di-tertiary-butyl ditellurium, tBu-Te-Te-tBu, as a stable thermal decomposition product.
Such tellurium precursor tBu-Te-Te-tBu is advantageously utilized for GST film formation
with a germanium precursor such as Ge[Pr'NC(n-Bu)NPr'],, denoted as “GeM” for ease of
notation.

[0088] More generally, such precursor tBu-Te-Te-tBu can be used for low temperature
deposition of tellurium-containing films, including GST films as well as BiTe; films and
cadmium telluride (CdTe) films. CVD conformality can be enhanced utilizing such tellurium
precursor.

[0089] More generally, CVD conformality can be enhanced through use of low
deposition temperatures, chemical modification of the precursor chemistry and modification of
the CVD process parameters. The use of (tBu),Te results in higher tellurium concentrations in
the product film when higher temperature zones are used to induce pre-reaction of the
precursor. Such higher temperature zones can be in close proximity to the wafer surface, but are
separate and distinct regions within the CVD deposition system. By partial pyrolytic
decomposition of (tBu),Te to form tBu-Te-Te-tBu, higher tellurium content films are
achievable at lower substrate temperatures. Since incorporation of tellurium can have large
effects on the electrical and thermal behavior of GST films, the ability to increase tellurium
content of deposited films is highly advantageous.

[0090] The use of ditelluride precursors, of the form R-Te-Te-R, wherein each R is
independently selected from methyl, ethyl, isopropyl, tertiary butyl and trimethylsilyl, is
advantageous in producing high tellurium content films, in CVD, ALD, digital CVD and other
vapor deposition processes, optionally including activation of such precursor in the deposition
chamber or at the inlet to or even outside (upstream from) such chamber, be on the thermal
activation occurring at the wafer surface in the deposition process. Such precursors can be used
for forming GST films as well as other tellurium-containing films such as CdTe photovoltaic
films and thermoelectric thin films based on II-VI telluride materials.

[0091] Co-reactants may be utilized with such ditelluride precursors, including, for
example, inert gases, reducing gases (hydrogen, ammonia, diborane, silane, etc.), and the like.
[0092] The ditelluride precursors discussed above can be synthesized from the
reaction of Cl-Te-Te-Cl with either RLi or Gringard reagents, wherein R is the same as

previously described.
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[0093] FIG. 11 is a compositional phase diagram reflecting relative amounts of
germanium (Ge), antimony (Sb) and tellurium (Te) in GST films, showing a compositional
region A for highly conformal MOCVD characterized by high tellurium content, as
distinguished from region B reflecting lower tellurium content films.

[0094] In this triangular phase diagram, region A shows data points associated with
high tellurium content (> 50 at.% Te) conformal MOCVD GST films, achievable by low
temperature MOCVD processes of the present disclosure. The circled datum refers to a
germanium-antimony-telluride composition containing from about 20 to about 25 atomic
percent germanium, from about 20 to 25 atomic percent antimony, and from about 50 to 60
atomic percent of tellurium, e.g., 22.5 at.% germanium, 22.5 at.% antimony and 55 at.%
tellurium, sometimes herein referred to as the "225 composition.”

[0095] FIG. 12 is an enlarged view of region A of FIG. 11, showing data points
associated with photomicrographs evidencing good morphology in high tellurium content films,
and identifying the 225 composition by the number "225".

[0096] In a specific implementation, the present disclosure contemplates a vapor
deposition process for depositing a GeTe-containing film on a substrate, comprising vaporizing
a germanium-containing precursor and a tellurium-containing precursor to form a precursor
vapot, contacting the germanium-containing precursor vapor with a substrate at a temperature
that is below 250°C, and depositing on the substrate a conformal germanium-containing film.
Such process may further comprise tellurium in the conformal germanivm-containing film. The
conformal film may be substantially amorphous. The germanium precursor may include a
germanium alkyl amidinate. Other germanium precursors that may be usefully employed in
forming germanium-containing films include Ge(IV) amides, Ge(IV) mixed alkyl/amide, Ge(II)
amidinate, Ge(Il) amide, Ge(IV) guanidinate, germylene, and Ge(I)Cp, wherein Cp is
cyclopentadienyl. The tellurium precursor may comprise a di-alkyl tellurivm precursor.

[0097] The substrate in the foregoing process may have temperature of from about
110°C to about 250°C. In such process, the substrate temperature is desirably below the
crystallization temperature of the multi-component germanivm-containing film.

[0098] The low temperature MOCVD GST deposition process of the present
disclosure has been determined to yield product GST films with equal to or better properties
than those achievable by physical vapor deposition processes involving trench deposition of
GST.

[0099] Set out below in Table 5 is a tabulation comparing performance of a physical
vapor deposition (CVD) film deposited with a GST 225 composition containing containing
22.5% germanium, 22.5% antimony and 55% tellurium against CVD Composition A in which
the film was deposited by chemical vapor deposition utilizing a low temperature process in

accordance with the present invention, and a film noted below as "Best of CVD" based on a
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film deposited at using a precursor mixture including di-t-butyl telluride precursor, GeM
(germanium n-butyl amidinate) germanium precursor and tris(dimethylamido)antimony

precursor.

[00100]

antimony and 50% tellurium. The "Best of CVD" was based on an average of films of three

The Composition A film contained approximately 30% germanium, 20%

different film compositions, including a first film composition containing approximately 30%
germanium, 20% antimony and 50% tellurium, a second film composition containing 22.5%
germanium, 22.5% antimony and 55% tellurium, and a third film composition containing from
40 to 45% germanium, from 5 to 10% antimony and from 50 to 55% tellurium.

Table 5

PCT/US2010/035854

Parameters PVD GST 225 CVD Comp A | Bestof CVD

Vvoid free fill at <1:1 > 31 cown fa > &1 down o

aspect ratio 35nm 40nm

@ 70 nm 0.8 mA 0.5~1.0 mA 0.2 mA

10 Year 105 °C 102 °C 125°C

Retention, D DaV 2 AeV

crystailization Eg

Set speed 200 ns 260 ns < 50ns

o SO Rl ~ i
TEUE TR TR - NS

Cycle >1x107 >7x10° > 1x10i

Endurance

Drift coefficient 0.1 DA 0.1
[00101] The data shown in Table 5 show that chemical vapor deposition of GST films

at low temperature in accordance with the present disclosure can achieve markedly better

performance than is achieved by physical vapor deposition.
[00102]

containing film can have the composition Ge,SbyTe,A,,, wherein A is a dopant element selected

In the vapor deposition process of the present disclosure, the germanium-

from the group of N, C, In, Sn, and Se, and wherein x is from 0.1 to 0.6, y is from O to 0.7, z is
from 0.2 to 0.9, and m is from O to 0.15. In various embodiments in which antimony is present,
y can be from 0.1 to 0.7. In various embodiments in which the germanium-containing film is
doped, m can be from 0.01 to 0.15.

[00103]

comprise chemical vapor deposition (CVD). For such purpose, the substrate may be disposed in

The vapor deposition process itself may be of any suitable type, and may
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a CVD chamber. The CVD chamber may be constructed and arranged in any suitable manner.
In one embodiment, the CVD chamber includes an activation region having a first heat source.
The vapor deposition process may be carried out in which at least one precursor of the
germanium-containing film is activated by the first heat source. The process may further
involve heating the substrate using a second heat source.

[00104] In the formation of germanium-rich GST films, doping can be carried out to
improve compositional and performance properties of the film. Germanium can be doped in the
GST film at levels of for example 5 to 10 atomic percent. In this manner, the 225 composition,
containing 22.5% germanium, 22.5% antimony and 55% tellurium can be composition
enhanced to contain from 27.5 to 32.5% germanium, with tellurium still being as high as 55%,
or between 50 and 55%, with the remainder being antimony. Addition of germanium will
increase crystallization temperature of the resulting alloy compared with that of the 225
composition, due to germanium doping imparting "friction” to atomic movement, and
germanium's tetravalent coordinating bonding structure to tellurium being more stable than that
of antimony bonding to tellurium.

[00105] As another modification of GST films, the ratio of GeTe to Sh,Te; can be
changed to alter crystallization temperature and other aspects of the materials properties of the
film. GST is actually a pseudo-alloy, typically being a mix of the true alloy GeTe and Sb,Tes.
The 225 composition GST film material is a mixture of two portions of GeTe and one portion
of Sb,Te;. Germanium doping can be employed to increase germanium content above that of
the 2:1 ratio of GeTe to Sb,Tes. The resulting alloy will reduce the tellurium content from 55%
to a somewhat lower level around 50% or even slightly less, depending on the specific ratio of
GeTe to Sb,Tes.

[00106] For example, a 3:1 ratio of GeTe to Sb,Te; will be atomically Ge;Sb,Tes,
which as the atomic percentage of 27.2% germanium, 18.2% antimony and 54.5% tellurium, a
4:1 ratio of GeTe to Sh,Te; will be atomically 30.7% germanium, 15.4% antimony, and 53.9%
tellurium, a 5:1 ratio of GeTe to Sb,Te; will be 33.3% germanium, 13.3% antimony and 53.3%
tellurium, a 6:1 ratio of GeTe to Sb,Te; will be 35.3% germanium, 11.8% antimony and 52.9%
tellurium... and a 10:1 ratio of GeTe to Sb,Te; will be 40% germanium, 8% antimony and 52%
tellurium.

[00107] Doping the 225 composition of GST with germanium to make germanium-rich
225 will provide excess germanium in the matrix of the GeTe:Sb,Te; mixture, beyond the ratio
of m:n of such matrix alloys. Germanium-rich GST or germanium-doped 225 GST may have a
ratio of GeTe:Sb,Te; that is in a range of from 3:1 to 10:1. Specific illustrative compositions
include a composition containing 27.2% germanium, 18.2% antimony and 54.5% tellurium as a
first example, a composition containing 40% germanium, 8% antimony and 52% tellurium as a

second example, a composition containing 30% germanium, 19% antimony and 51% tellurium
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as a third example, a composition containing 30% germanium, 16% antimony and 54%
tellurium as a fourth example, and a composition containing 32% germaniuvm, 14% antimony
and 54% tellurium as a fifth example. More generally, germanium-rich GST or germanium
self-doped 225 GST provides superior film properties, and includes GST alloys having from 27
to 33% germanium, from 14 to 23% antimony and from 50 to 55% tellurium.

[00108] Doping of GST films with dopants other than Ge, Sb or Te is contemplated by
the present disclosure. Any suitable dopant species may be employed that improve the
properties of the GST film for its intended purpose. For example, the GST films may be doped
with carbon and/or nitrogen to improve film properties, e.g., to significantly reduce reset
current of the film in a phase change memory applications. For such purpose, nitrogen doping
at atomic percentages of from 4 to 10% and carbon doping at atomic percentages of from 2 to
6% can be employed.

[00109] In various applications, the present disclosure contemplates conformal GST
thin films having an atomic composition comprising from 10 to 50% Sb, from 50 to 80% Te,
from 10 to 50% Ge, from 0 to 20% N (e.g,. from 3 to 20% N) and from 0 to 20% carbon (e.g,,
from 3 to 20% N), and wherein all atomic percentages of all components of the film total to 100
atomic %. Such films may be formed using CVD, e.g., in a low temperature CVD process as
described herein.

[00110] Additional illustrative GST film compositions include compositions in which
ratios of germanium (Ge) to antimony (Sb) to tellurium (Te) (atomic % (at.%)) may be about
2:2:5, about 4:1:5, about 30:15:55, or the like. In embodiments in which the ratio is 2:2:5, Ge
is about 20-25 at.%, Sb is about 20-25 at.%, and Te is about 50-60 at.%. In embodiments in
which the ratio is 4:1:5, Ge is about 40-45 at.%, Sb is about 5-10 at.%, and Te is about 50-55
at.%. In embodiments in which the ratio is 30:15:55, Ge is about 27-33 at.%, Sb is about 15-20
at.%, and Te is about 50-60 at.%. A further illustrative GST film composition contains from
about 25 to 35% germanium, from about 15 225% antimony, and from about 45 to 55%
tellurium.  Another illustrative GST film composition contains from about 35 to 45%
germanium, from about 1 to 10% antimony, and from about 45 to 55% tellurium. A still further
illustrative film composition contains from about 75% to about 85% germanium, from about 5
to about 15% antimony, and from about 5 to about 15% tellurium. Another illustrative GST
film composition contains from 27 to 33% germanium, from 45 to 55% tellurium, and the
balance being antimony. In general, it is possible to add carbon up to 10 atomic percent, e.g.,
3%, and to add nitrogen up to 15 atomic percent, e.g., 5%.

[00111] Low temperature processes of the present disclosure are usefully employed for
MOCVD conformal deposition of GST in high aspect ratio trenches and holes. FIG. 23 is a

photomicrograph of a void-free fill of GST in a via structure.
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[00112] FIG. 13 is a graph of resistance, in ohms, as a function of reset current, in
milliamps, showing data for a physical vapor deposition of 225 composition GST, and data for
MOCVD of corresponding GST. The data show a low reset current to be achieved by
conformal chemical vapor deposition in the low temperature process of the present disclosure.
[00113] FIG. 14 is a graph of reset current, in milliamps, as a function of voltage, in
volts, for a physical vapor deposition of 225 composition GST, and data for MOCVD of
corresponding GST. The data, like that in FIG. 13, show a low reset current to be achieved by
conformal chemical vapor deposition in the low temperature process of the present disclosure.
[00114] FIG. 15 is a graph of resistance, in amperes, as a function of temperature in
degree C for a GST film containing the following atomic percentages: 32% germanium, 13%
antimony and 54% tellurium. The film had a thickness of 140 A. Rho(RT) was approximately
6 ohm-centimeters to 0.03 ohm-centimeter. The film was not fully annealed (255°C). The
graph shows a crystallization temperature on the order of 220°C.

[00115] FIG. 16 is a graph of atomic concentrations of germanium, antimony,
tellurium, and nitrogen, and Si intensity (arbitrary units), as a function of depth, in nanometers
for an illustrative GST film having a nitrogen impurity at a concentration of less than 10 atomic
percent.

[00116] FIG. 17a is a graph of atomic concentration of oxygen and nitrogen, and Ge,
Te, and Sb intensity (arbitary units), as a function of depth, in nanometers, for an illustrative
GST film having essentially oxygen-free character and a carbon impurity on the order of
approximately 3%.

[00117] FIG. 17b is a graph of atomic concentration of oxygen and carbon, and Ge, Te,
and Sb intensity (arbitary units), as a function of depth, in nanometers, for an illustrative GST
film having essentially oxygen-free character and a carbon impurity on the order of
approximately 10%.

[00118] FIG. 18 is a photomicrograph showing GST material as deposited at low
temperature in a low aspect ratio structure, in contact with a TiAIN bottom layer and a TiN top
layer, after 7 x 10’ phase change cycles.

[00119] FIG. 19 is a photomicrograph of GST deposited in a high aspect ratio structure
of a virgin device.

[00120] The deposition of GST films utilizing a low temperature chemical vapor
deposition process as described in the present disclosure can be carried out to form a phase
change memory device by steps including forming a bottom electrode for the device, followed
by etching the bottom electrode/heater inside a via to form a recessed via. GST material then is
deposited in the via, followed by chemical mechanical planarization, and cleaning of the device

structure, following which a top electrode structure is formed.
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[00121] The processes and systems described herein have several advantages. First,
deposition of the GST materials using heat (e.g., at about 200 degrees C to 450 degrees C)
facilitates the reactivity of the Ge, Sb, and Te by increasing the reactivity thereof. Such an
increase in reactivity means that GST can be deposited on a substrate at a lower temperature
(e.g., at about 110 degrees C to 250 degrees C), yet achieving high percentages of Te. Second,
the process can be a batch process in which any number of substrates can be processed in a
similar configuration just by simply duplicating the process for additional substrates. Third, as
can be seen in FIG. 10a and 10b, processing of a substrate using the processes and systems
described herein produce low resistivity films (high conductivity films) after annealing up to
about 300 degrees C. FIG. 10a is a graph of resistivity, measured in ohm-cm, as a function of
temperature, in °C, for a GST film of 2:2:5 Ge:Sb:Te having a thickeness of 444.1 Angstroms,
with a film composition of 20.5% Ge, 23.5% Sb and 56.0% Te. FIG. 10b is a corresponding
graph for a GST film having a composition of 4:0.5:5 Ge:Sb:Te, with a thickness of 308.1
Angstroms, and composed of 44.8% Ge, 5.3% Sb, and 49.8 % Te. Also, as is shown in Table
4, the nitrogen content of a GST film is markedly reduced after annealing.

[00122] The features and advantages of the disclosure are more fully shown by the
following example, which is intended to illustrative in character, and in no way limiting as
regards the broad scope and applicability of the present disclosure.

[00123] EXAMPLE 1

[00124] In this example, electrical characterization was performed for devices including
MOCVD deposited GST alloy with concurrent doping of nitrogen and carbon. In particular, a
2x reduction of the reset current was achieved by a doped MOCVD GST325 alloy composition.
It was also demonstrated that devices with MOCVD GST325 show otherwise equivalent
electrical performance to devices made using a physical vapor deposition (PVD) GST225 alloy.
A cross-sectional scanning electron microscope (SEM) photo of the MOCVD GST based phase
change memory (PCM) is shown in FIG. 18 hereof.

[00125] Alloy Materials and Device Structures

[00126] The composition of MOCVD GST deposited in the test devices was 30 % Ge,
20% Sb, and 50% Te with an estimated composition range accuracy of +/-3%. During
deposition, dopants of N and C were incorporated from precursors and co-reactants at atomic
concentrations of 7 % and 4 % respectively as measured by SIMS (secondary ion mass
spectrometry), with an estimated accuracy of +/-4% for N and +/- 2% for C. The as-deposited
film was amorphous, smooth, and conformal, so a high aspect ratio 3:1 device structure was
able to be filled. Typical film density is equivalent between the as-grown film and annealed
films. The doping in this MOCVD GST 325 also increased the crystallization temperature, Tx,
to 220°C compared to a typical Tx of 150°C for GST 225. Although MOCVD GST325

conformal deposition was demonstrated to achieve void-free vertical high aspect ratio 3D test
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structures as shown in FIG. 21, device structures with shallow recessed pores were chosen so
that direct comparison could be made to a PVD deposited GST225.

[00127] FIG. 18 shows the device structure containing a bottom TiAIN electrode as a
heater, filled GST in the pore, and a Top TiN electrode. The shallow pore was formed by
etching a hole with sloped side-walls in 500 A PECVD SiO,, etch stopped on TiAIN. The test
structures had nominal design dimensions ranging from 70nm to 200nm. The TiAIN surface
inside the pore was cleaned using a dilute HF (50:1) dip prior to MOCVD deposition of 750A
GST. A 620A Ti/TiN layer was then deposited over the GST for the top electrode. The Ti/TiN
and GST were patterned by lithography and a dry etch to isolate the GST and TiN top electrode
in a single PCM device for testing. The test device in this discussion had a 100nm nominal pore
size based on FIB-SEM measurements.

[00128] FIG. 21 shows the Reset-Current (R-I) curves for PCM devices made from
MOCVD GST325, MOCVD GST 225, and PVD GST225 without N and C. All the devices
have a nominal size of 100nm and measured sized of 103nm for MOCVD GST325 and 106nm
for MOCVD GST225 and PVD GST225. In the device made with MOCVD GST325, the set
resistance was below 10kQ and the reset resistance more than 1MQ, demonstrating more than
100X in dynamic range, as shown in FIG. 39. The reset current in the device using MOCVD
GST325 was 0.0mA, which was more than 2X smaller that the 1.4mA reset current for a device
made from PVD GST225. A reduction of reset current permitted more devices to be
programmed in parallel, increasing the write bandwidth, a critical aspect for PCM in DRAM

and SCM applications.

[00129] FIG. 22 is a graph of I-V curves in PCM devices, for PVD GST 225, MOCVD
GST 225, and MOCVD GST 325.
[00130] As illustrated in Fig. 22, both MOCVD samples with C and N doping had a

larger dynamic on-resistance, resulting in more efficient ohmic heating during programming,
which in turn contributed to the lower I, seen in both MOCVD films. Nitrogen assisted in
reducing the reset current in the PVD GST225 devices. It appears that such large reduction in
reset current is not solely due to the 7 +/-2% level of nitrogen doping alone, but rather to the
combined effects of nitrogen and carbon-doping, their interaction with the bottom electrode,
and the microstructure of the alloy. Although MOCVD GST225 achieved an equivalent low
reset current level at similar N and C doping ranges, the set resistance for MOCVD GST325
was more than 2X lower than that of MOCVD GST225, making it an attractive alloy
composition as an alternative to MOCVD GST225.

[00131] EXAMPLE 2
[00132] Set Speed
[00133] FIG. 23 shows set-speed measurements for a MOCVD GST325 device with a

100nm pore diameter. Set-speed characterization measured by the square shaped pulse method
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is shown in curve (a), and curve (b) displays set-speed characterization by the set sweep pulse
method. In both methods, the device was first reset with a reset current pulse at 120% of the
saturation reset current level as indicated by the horizontal lines with open symbols. The reset
pulse duration was always 100ns. Amplitude of the square shaped set pulse was approximately
half of the reset amplitude and varied in duration from 11ns to 3us. The set sweep pulse had a
maximum amplitude of 120% reset level, with a rise of 100ns, a width of 200ns and a varying
fall times ranging from 50ns to 2 ps. The set speed was determined by the time required for the
resistance level to fall below the demarcation level which is 1/6™ logarithmically up from full
set between the full reset and full set levels. Using the square pulse method, we measured a set
speed of 175ns, very comparable to a PVD GST225 device with the same structure. We
measured a 260ns set speed using the set sweep method to reach the set demarcation value, also
very comparable to the PVD GST225 alloy. At the identical device dimension and structure,
set-speed is governed by alloy composition, impurities, and material morphology such as grain
size. The results indicated that the MOCVD GST325 alloy with its unique composition
combined with doping of 7+4/-2% nitrogen and 4+/-2% carbon has similar set-speed

performance to PVD GST225 devices.

[00134] EXAMPLE 24
[00135] 10 year data retention temperature
[00136] With N and C impurities it is very important to understand the reliability

aspects of the corresponding devices. FIG. 24 shows the 10 year data retention temperature
established using the time to fail method. The time to fail is measured after a resistance value of
a fully reset device reaches a 67kQ) demarcation level at elevated temperatures of 180, 185,
190, and 200°C. Fig. 24 shows the fail-time data extrapolated to 10 years on an Arrhenius plot,
giving a temperature of 102°C with an estimated error margin of +/-10°C. The estimated
activation energy was calculated as 2.2eV. Similarly, the 10 year data retention temperature of
a PVD GST225 device was measured to be 105°C. Thus, the CVD GST325 alloy with N and C
doping had a similar 10 year data retention temperature to that of a PVD GST225 device.
[00137] EXAMPLE 4

[00138] Cycle Endurance

[00139] FIG. 25 shows the cycle endurance test for a PCM device made of MOCVD
GST325. The test used the square pulse method with a reset pulse time of 100ns and set pulse
time of 500ns with a cycle period of lusec. 1.3x10” cycles were completed with a stable
Rreset, Rset, Vt, Vh, and dV/dI before the device degraded, resulting in a reduced dynamic
range. The device shown in FIG. 18 endured more than 7x10° cycles without failure or void
formation under similar test conditions in this non-confined low aspect ratio structure. One of
the keys for the high cycle endurance was the deposit of void-free and high density amorphous

film, which maintained a small density change in the crystalline phase after annealing without
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void formation. With 3:1 high aspect ratio structure devices, more than 1x10" cycle endurance
has been achieved with a R./Ry dynamic range of 100X from devices made of MOCVD
GST, comparable to the best reported cycle endurance of 1x10" in a very narrow 7.5nm high
aspect ratio confined cell structure device made of MOCVD GST.

[00140] Further, the possible improvement in cycle endurance if the device were in a
high aspect ratio, fully confined structure and CMP were used to remove excess GST material
above the pore, followed by sealing of the cell with a top electrode to effect PCM confined cell
integration. The 1.3x10° cycle endurance data that was recorded represented an indication of
the device stability and demonstrated the capability of this MOCVD GST325 alloy to enable
the continued scaling of PCM with increased cycle endurance.

[00141] The foregoing demonstrated that a 100nm size PCM device made with
MOCVD GST325 had (1) a set speed of 175-260ns, (2) a reset current of ~0.6mA, (3) a 10 year
data retention temperature of 102 °C, and (4) a cycle endurance of 7x10°. The device speed and
data retention were comparable to that of devices made with PVD GST225 using the same test
structure. MOCVD GST325 however, showed a 2X reduction of reset current as well as
improved set resistance relative to that of the PVD GST225 alloy.

[00142] While the disclosure has been primarily directed to chemical vapor deposition
as the deposition methodology for deposit of GST materials and films, it is to be appreciated
that the invention is amenable to utilization of other vapor deposition techniques. For example,
atomic layer deposition may be usefully employed within the broad scope of the present
disclosure, to effect deposition of GST materials and films. For this purpose, the ALD vapor
deposition process that is used to deposit the GST material can be carried out in any suitable
manner to produce product GST films, within the skill of the art, based on the disclosure
herein. For example, ALD process parameters, e.g., pulse times, cycle durations, temperatures,
pressures, volumetric flow rates, etc. can be determined by simple successive empirical runs in
which process parameters are selectively varied to determine the best multivariable process
envelope for conducting the ALD vapor deposition process.

[00143] In addition, it will be appreciated that the chemical species employed to deposit
the chalcogenide material may be thermally activated or in other manner energized to generate
transitory species for the deposition. By this approach, a chemical species may be transformed
into a different chemical form to provide deposition species that may for example be short-
lived but are sufficiently present to enable deposition, in the transport from the activation
region to the wafer surface. In this manner, a deposition chemical species may be generated in
situ for the deposition operation.

[00144] With respect to the carbon and nitrogen species that are incorporated in the
GST film in various embodiments of the disclosure, it will be recognized that these species may

be provided in a bound or non-bound form. For example, the nitrogen as mentioned may be
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introduced in free form as nitrogen gas, or alternatively as a nitrogen-containing moiety in a
precursor or coreactant that is introduced to the deposition operation.

[00145] Further, lower deposition temperatures are beneficial from the perspective of
maintaining the amorphous character of the deposited chalcogenide film, and enabling higher
levels of carbon to be incorporated in the growing film, thereby providing beneficial nucleation
sites favoring more rapid growth of the chalcogenide film, in addition to reducing capital and
operating costs associated with the deposition system. In this respect, the nucleation sites
present in the film may derive from the presence of carbon as well as nitrogen, and may also be
generated as a result of carbon-nitrogen interaction. In general, the more nucleation sites
present in the chalcogenide film, the faster nucleation will take place and the more rapid will be
the transformation between amorphous and crystalline states in the operation of the GST
material. Broadly, the greater the population of nucleation sites, the shorter are the required
crystalline lengths involved in the propagation of crystalline transformation, and the quicker the

GST device will be in response to a phase change stimulus.

INDUSTRIAL APPLICABILITY

[00146] The germanium-antimony-tellurium (GST) alloy films of the disclosure are
usefully employed in phase change memory devices, including NOR flash memory, dynamic
random access memory (DRAM) and storage class memory (SCM), taking advantage of the
properties of such chalcogenide alloy, which can be readily switched between crystalline
(binary 1) and amorphous (binary 0) states, or in some applications, between amorphous,

crystalline and two additional partially crystalline states.
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THE CLAIMS

What is claimed is:

1. A chalcogenide material, selected from the group consisting of:

(1) material of the formula Ge,Sb,Te,C,N,

wherein:
x is about 0.1-0.6, y is about 0-0.7, z is about 0.2-0.9, m is about 0.02-0.20, and n is about 0.02-
0.20;

(it) material of the formula Ge,SbyTe Ay, wherein A is a dopant element selected from the
group of N, C, In, Sn, and Se, and wherein x is from 0.1 to 0.6, y is from O to 0.7, z is from 0.2
to 0.9, and m 1s from O to 0.15;

(ii1) material containing 27.5 to 33% germanium, with tellurium up to 55%, and the remainder

being antimony;

(1v) 225 GeSbTe doped with germanium to yield germanium-rich GeSbTe material;

(v) germanium-enriched GeSbTe having a ratio of GeTe:Sb,Te; that is in a range of from 3:1 to

10:1;

(vi) GeSbTe material containing 25 to 60 % germanium, 2 to 25 % antimony, and 40 to 55%

tellurium; and

(vil) material selected from the group consisting of materials (i1)-(vi), as doped with at least one

of carbon and nitrogen, wherein the amount of each is in a range of from 2 to 20 %.

2. A material according to claim 1, wherein Ge,SbyTe, therein has an atomic composition
selected from the group consisting of:

(1) 22.5 at.% germanium, 22.5 at.% antimony and 55 at.% tellurium;

(i1) 27.5 to 32.5 at.% germanium and from 50 to 55 at.% tellurium;

(ii1) 27 to 33% germanium, from 14 to 23% antimony and from 50 to 55% tellurium;

(iv) 27.2% germanium, 18.2% antimony and 54.5% tellurium;

(v) 30.7% germanium, 15.4% antimony, and 53.9% tellurium;

(vi) 33.3% germanium, 13.3% antimony and 53.3% tellurium;
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(vil) 35.3% germanium, 11.8% antimony and 52.9% tellurium;

(viil) 36% germanium, 14% antimony and 50% tellurium;

(ix) 40% germanium, 8% antimony and 52% tellurium;

(x)) 40% germanium, 5% antimony and 55% tellurium;

(x1) 30% germanium, 19% antimony and 51% tellurium;

(xi1) 30% germanium, 16% antimony and 54% tellurium; and

(xiii) 32% germanium, 14% antimony and 54% tellurium.

3. The material of claim 2, wherein carbon is doped in said film at 2 to 20 at. %.

4. The material of claim 1, wherein carbon is doped in said film at 3 to 20 at. %.

5. The material of claim 1, wherein carbon is doped in said film at 2 to 15 at. %.

6. The material of claim 1, wherein carbon is doped in said film at 2 to 10 at. %.

7. The material of claim 1, wherein carbon is doped in said film at 3 to 10 at. %.

8. The material of claim 1, wherein carbon is doped in said film at 2 to 6 at. %.

9. The material of claim 2, wherein nitrogen is doped in said film at 2 to 20 at. %.

10. The material of claim 1, wherein nitrogen is doped in said film at 3 to 20 at. %.

11. The material of claim 1, wherein nitrogen is doped in said film at 3 to 15 at. %.

12. The material of claim 1, wherein nitrogen is doped in said film at 3 to 12 at. %.

13. The material of claim 1, wherein nitrogen is doped in said film at 3 to 10 at. %.

14. The material of claim 1, wherein nitrogen is doped in said film at 5 to 10 at. %.

15. The material of claim 1, as conformally coated on a substrate.

16. The material of claim 15, wherein the substrate comprises a microelectronic device or

device precursor structure substrate.
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17. A microelectronic device including a material of claim 1.

18. The microelectronic device of claim 17, comprising a phase change memory cell.

19. The microelectronic device of claim 17, comprising a memory device.

20. A GST film having an atomic composition comprising from 0 to 50% Sb, from 50 to 80%
Te, from 20 to 50% Ge, from 3 to 20% N and from 2 to 15% carbon, and wherein all atomic
percentages of all components of the film total to 100 atomic %.

21. A GST thin film having an atomic composition comprising from 10 to 50% Sb, from 50 to

80% Te, from 10 to 50% Ge, from 3 to 20% N and from 3 to 20% carbon, and wherein all

atomic percentages of all components of the film total to 100 atomic %.
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