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METHOD TO PLANARIZE AND REDUCE DEFECT DENSITY
OF SILICON GERMANIUM

Field of the Invention

This invention relates generally to deposition of silicon germanium films,
such as used in integrated circuit fabrication. This inveption relates more
particularly to methods for increasing the planarity and/or reducing the defect
density of blanket-deposited silicon germanium films.

Backaground of the Invention

A variety of methods are used in the semiconductor manufacturing industry
to deposit materials onto surfaces. For example, one widely used method is
chemical vapor deposition (“CVD"), in which atoms or molecules contained in a
vapor are deposited onto a surface and built up to form a film. Multiple deposition
steps can be sequenced to produce devices with several layers. In such multi-
layer processes, it is generally desired to maintain planarity from level to level
during the deposition processes. Poor planarity, particularly during early
deposition steps, tends to be amplified through higher levels of device fabrication.
Poor planarity can create problems for photolithographic steppers, risking
misalignment in precise masking steps.

Silicon germanium (SiGe) films, which are used in a wide variety of
semiconductor applications, can be deposited using a CVD process in which
silicon and germanium are delivered to a surface where they react and form a
film. SiGe films formed using CVD processes can have various morphologies,
including single crystalline, amorphous, and polycrystalline. In epitaxial
deposition of a SiGe film, the initial crystalline structure and morphology of the
deposited film follows the crystalline information of the underlying material onto
which the epitaxial deposition occurs. Additionally, SiGe films can be formed in a
selective deposition process or in a blanket deposition process. In a selective
deposition, the film is deposited over certain areas of a subsirate, whereas in a

blanket deposition, the film is deposited over substantially the entire substrate.
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Summary of the Invention

When an epitaxial SiGe film is deposited onto a single crystal silicon film,
strain is generated at the interface between the layers. A deposited epitaxial layer
is said to be “strained” when it is constrained io have a lattice structure in at least
two dimensions that is the same as that of the underlying single crystal substrate,
but different from its inherent lattice constant. Epitaxial deposition of one material
over a different material is often referred to as “heteroepitaxial” deposition.
Latfice strain occurs because the atoms in the deposited film depart from the
positions that they would normally occupy in the lattice structure of the free-
standing, bulk material. The degree of strain depends on the thickness of the
deposited layer and the degree of lattice mismatch between the deposited
material and the underlying substrate.

As the thickness of a strained SiGe film increased above a certain
thickness, known as the critical thickness, the film tends to relax to its natural
lattice constant as the formation of misfit dislocations at the film/substrate
interface, and threading dislocations within the film, becomes energetically
favorable. Vertically propagating (for example, threading and pile-up) dislocations
can lead to reduced carrier mobility, current leakage, reduced device
performance, and device failure. Such dislocations can also contribute to

planarity defects in the resulting film surface. Consequently, methods have been

~ developed for blanket-depositing a SiGe layer having a reduced defect density,

and thus improved planarity.

In one embodiment of the present invention, a method for blanket
depositing a SiGe film comprises intermixing a silicon source, a germanium
source and an etchant to form a gaseous precursor mixture. The method further
comprises flowing the gaseous precursor mixture over a substrate under chemical
vapor deposition conditions. The method further comprises depositing a blanket
layer of epitaxial SiGe onto the substrate.

In another embodiment of the present invention, a method comprises
providing a single crystal silicon substrate in a chemical vapor deposition
chamber. The substrate has a surface pattern formed thereon. The method

further comprises supplying a mass of silicon precursor into the chamber. The
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method further comprises supplying a mass of germanium precursor into the
chamber. The method further comprises supplying a mass of etchant into the
chamber. The mass of etchant supplied is less than the mass of silicon precursor
and the mass of germanium precursor, combined. The method further comprises

depositing a blanket SiGe film over the substraie and the surface pattern formed
thereon.

Brief Description of the Drawing

Exemplary embodiments of the methods disclosed herein are illustrated in
the accompanying drawing, which are for illustrative purposes only. The drawing
comprises the following figure. A .

FIGURE 1 is a cross-sectional schematic diagram illustrating an exemplary
SiGe film deposited over a patterned wafer.

Detailed Descmation of Preferred Embodiments

A blanket SiGe layer having a reduced defect density can be formed on a
silicon }substrate by supplying to a CVD chamber containing the substrate a
precursor gas mixture comprising a silicon source, a germanium source, and an
etchant. The blanket (non-selective) deposition can occur over a bare wafer or
over a patterned substrate, for example havihg windows which could otherwise be
used in a selective deposition process. Crystalline defects are preferentially
removed by the etchant gas during the blanket SiGe deposition, thereby resulting
in a smoother SiGe surface having fewer defects as compared to a SiGe material
deposited without the etchant in the precursor gas mixture. In a preferred
embodiment, a blanket SiGe layer is formed having an etch pit density of less
than approximately 10" defects cm™. More preferably, a blanket SiGe layer is
formed having an etch pit density of less than approximately 10° defects cm™.

An exemplary SiGe film produced according to the methods disclosed
herein is illustrated in FIGURE 1. In particular, FIGURE 1 illustrates a silicon
substrate 10 having a surface pattern 20, commonly referred to as a shallow
trench isolation (“STI") scheme, formed thereon. For example, the surface
pattern 20 can comprise interconnected dielectric material that forms a plurality of

distinct windows 25 on the surface of the substrate 10. Exemplary materiais that
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can be used to form the surface pattern 20 include silicon nitride and silicon
oxide. A blanket SiGe film 30 is disposed over the substrate 10 and surface
pattern 20, forming a relatively smooth SiGe surface 35 over the substrate 10. In
such embodiments, amorphous SiGe and/or polycrystalline SiGe (indicated by
reference numeral 32) forms in a region over the surface pattern 20, whereas
epitaxial SiGe (indicated by reference numeral 34) forms in a region over the
substrate 10. An efchant, such as hydrogen chloride, can be supplied fo the
deposition chamber to smooth the surface of the resulting blanket SiGe film. The
arnount of etchant supplied is generally less than the amount of etchant supplied
in a selective deposition process, yet the amount is sufficient to provide a reduced
deposition rate over the surface pattern 20.

As used herein the term “blanket” indicates that a significant coverage of
any surface pattern 20 is covered with SiGe. It should be recognized that in other
embodiments, the blanket SiGe film 30 can be deposited directly over a bare
substrate, or a substrate with intervening blanket layers, that does not include any
surface pattern.

Exemplary silicon sources include, but.are not limited to, silane, disilane,
trisilane, chlorosilane, dichlorosilane, ftrichlorosilane, and tetrachlorosilane.
Exemplary germanium sources include, but are not limited to, germane,
digermane; trigermane, chlorogermane, dichlorogermane, trichlorogermane, and
tetrachlorogermane. Exemplary etchants include, but are not limited to, hydrogen
fluoride and hydrogen chloride. In an exemplary embodiment, the silicon source,
the germanium source, and the etchant are intermixed to form the precursor gas
mixture in various ratios, as appropriate for particular applications and as can be
determined by routine experimentation. In particular, in such embodiments, the
relative amounts of silicon source and germanium source in the precursor gas
mixture are selected to result in an epitaxial SiGe layer having a desired SiGe
ratio.

Preferably, the germanium content of a SiGe film grown according fo the
methods set forth herein is between approximately 10% and approximately 100%.
More preferably, the germanium content of a SiGe film grown according to the
methods set forth herein is between approximately 20% and approximately 100%.
Most preferably, the germanium content of a SiGe film grown according to the
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methods set forth herein is between approximately 40% and approximately 80%.
In a particular embodiment, the germanium content of a SiGe film grown
according to the methods set forth herein is between approximately 20% and
approximately 50%.

As the relative amount of etchant in the precursor gas mixiure is increased,
the planarity and/or defect density of the resulting SiGe film generally improves.
However, excessive amounts of eichant can disadvantageously decrease the
deposition rate of the SiGe film. In one embodiment, the etchant comprises
hydrogen chloride. In a preferred embodiment, the etchant is supplied into the
deposition chamber at between approximately 1 sccm and approximately 200
sccm. For example, in one embodiment wherein the etchant is supplied into a
single-wafer deposition chamber, the etchant is supplied at between
approximately 1 sccm and approximately 100 sccm.

In a modified embodiment, etchant is supplied to the deposition chamber
for a portion of period of SiGe film growth; that is, in such embodiments the flow
of etchant can be halted when a desired planarity is achieved. This configuration
advantageously provides an increased SiGe film growth rate once the etchant
flow is halted. In another modified embodiment, etchant is supplied to the
deposition chamber only after a certain thickness of SiGe has been grown.

In one embodiment, the precursor gas mixture comprises an amount of
etchant that is less than the combined amounts of the silicon source and the
germanium source, as measured on a weight basis. For example, in one such
embodiment, a hydrogen chloride etchant is supplied into the deposition chamber
at between approximately 25 sccm and approximately 50 sccm, dichlorosilane is
supplied into the deposition chamber at approximately 20 sccm, and germane is
supplied into the deposition chamber at approximately 5 sccm. In another
embodiment, the precursor gas mixture comprises an amount of etchant that is
between approximately 1% and approximately 50% of the combined amounts of
the silicon source and the germanium source, as measured on a weight basis.

As described herein, routine experimentation can be used to determine
certain deposition conditions to obtain film parameters desired in a particular
application, such as surface smoothness or etch pit density. Deposition
conditions that can be determined experimentally include deposition temperature
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and deposition pressure. In a preferred embodiment, the deposition temperature
is between approximately 350°C to approximately 1200°C, depending on the
nature of the silicon and germanium sources. In particular, the deposition
temperature range depends on the particular silicon and germanium sources, with
lower temperatures being more appropriate as the thermal stability of the source
decreases. For example, in one embodiment, wherein dichlorosilane, germane
and hydrogen chloride are provided to the deposition chamber, the deposition
temperature is between approximately 500°C and approximately 1000°C. Most
preferably, under such deposition conditions, the deposition temperature is
between approximately 800°C and approximately 900°C. TABLE A shows ranges
of preferred hydrogen chloride etchant flow rates to a single wafer deposition

chamber for given deposition temperatures.

TABLE A
Temperature Range (°C) | Etchant Flow Rate (sccm)
350 — 500 1-25
350 — 900 1 - 50
800 — 900 25 -50
850 — 1050 50 — 100
1000 — 1100 70 — 200

The total pressure in the CVD chamber is preferably in the range of
approximately 0.200 Torr to approximately 850 Torr, more preferably in the range
of approximately 1. Torr to approximately 760 Torr, even more preferably in the
range of approximately 1 Torr to‘ approximately 100 Torr, and most preferably in
the range of approximately 1 Torr to approximately 60 Torr.

~In a preferred embodiment, an approximately 1 to 2 pym thick SiGe film
having a surface roughness of less than approximately 40 A rms is deposited.
More preferably, an approximately 1 to 2 um thick SiGe film having a surface
roughness of less than approximately 30 A rms is deposited. Most preferably, an
approximately 1 to 2 um thick SiGe film having a surface roughness of less than
approximately 20 A rms is deposited.

In designing a process recipe for given precursors and a given reactor, an
existing process for depositing epitaxial SiGe that uses particular silicon and
germanium sources without etchant can be used as a control. The planarity and

defect density of blanket-deposited epitaxial SiGe layers deposited under these
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control condiﬁons can be determined by known methods and can be used as a
baseline to evaluate the improvement provided when an etchant is added to the
precursor gas mixture. Deposition of the improved epitaxial SiGe layer over
substantially the entire substrate occurs as the deposition gas flows over the
substrate under the selected deposition conditions. In one embodiment, the
subsirate comprises a single crystal material, such as single crystal silicon. In
another embodiment, a graded epitaxial SiGe film is produced by varying the
relative amounts of silicon source and germanium source that flow over the
substrate as a function of deposition time.

In an exemplary embodiment, a suitable manifold is used to supply the
éilicon source, the germanium source, and the etchant to the CVD chamber in
which the SiGe film deposition is conducted. In one embodiment, the silicon
source, germanium source and etchant are intermixed before being introduced
into the deposition chamber; in other embodiments these precursor gases are
intermixed within the deposition chamber. Gas flow rates for a particular
embodiment can be determined by routine experimentation, depending on the
size and other parameters of the deposition chamber.

In one embodiment, the deposition chamber is a single-wafer, horizontal
gas flow reactor that is radiatively heated. Suitable reactors of this type are
commercially available; one exemplary such reactor is the Epsilon® series of
single-wafer epitaxial reactors commercially available from ASM America, Inc.
(Phoenix, AZ), further details of which are provided in U.S. Patent Application
Publication US 2002/0173130 A1, published on 21 November 2002, the entire
contents of which are hereby incorporated by reference herein. While the
processes described herein can also be implemented in other reactors, such as
reactors with showerhead gas distribution configurations, benefits in increased
uniformity and deposition rates have been found particularly effective in the

horizontal, single-pass, laminar gas flow arrangement of the Epsilon® chambers.

Scope of the Invention

While the foregoing detailed description discloses several embodiments of
the present invention, it should be understood that this disclosure is illustrative

only and is not limiting of the present invention. It should be appreciated that the
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specific configurations and operations disclosed can differ from those described
above, and that the methods described herein-can be used in contexts other than
deposition of SiGe films.
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WE CLAIM:

1. A méthod for blanket depositing-a SiGe film comprising:

intermixing a silicon source, a germanium source and an etchant fo
form a gaseous precursor mixture;

flowing the gaseous precursor mixture over a substrate under
chemical vapor deposition conditions; and

depositing a blanket layer of epitaxial SiGe over the substrate, the
epitaxial SiGe formed from at least some of the components of the
gaseous precursor mixture.

2. The method of Claim 1, wherein an underlying blanket layer is
positioned over the substrate, such that the blanket layer of epitaxial SiGe is
deposited over the underlying blanket layer.

3. The method of Claim 1, wherein the substrate is patterned with
windows of single crystal material framed by a dielectric material.

4. The method of Claim 1, wherein the substrate is patterned with
windows of single crystal material framed by a dielectric material, wherein the
dielectric material is an oxide. _

5. The method of Claim 1, wherein the substrate is patterned with
windows of single crystal material within a dielectric material, wherein the.
dielectric material is a nitride.

6. The method of Claim 1, wherein the substrate is patterned with a
shallow trench isolation scheme.

7. The method of Claim 1, wherein the blanket layer of epitaxial SiGe
has a surface roughness of less than approximately 40 A rms.

8. The method of Claim 1, wherein the blanket layer of epitaxial SiGe
has a surface roughness of less than approximately 20 A rms.

9. The method of Claim 1, wherein the substrate comprises a bare
single crystal silicon substrate.

10. The method of Claim 1, wherein the epitaxial SiGe film has a
greater silicon content at the interface with the substrate than at other points in
the film.
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11.  The method of Claim 1, wherein the silicon source is selected from
the group consisting of silane, disilane, trisilane, chlorosilane, dichlorosilane,
trichlorosilane, and tetrachlorosilane. '

12.  The method of Claim 1, wherein the germanium source is selected
from the group consisting of germane, digermane, trigermane, chlorogermane,
dichlorogermane, trichlorogermane, and tetrachlorogermane.

13.  The method of Claim 1, wherein the etchant comprises hydrogen
chloride.

14.  The method of Claim 1, wherein the etchant is present in an amount
that is less than the combined amounts of the silicon source and the germanium
source, on a weight basis.

15. The-method of Claim 1, wherein the blanket layer of epitaxial SiGe
has a greater degree of planarity as compared to a reference blanket layer of
epitaxial SiGe deposited under comparable conditions, except in the absence of
the etchant. ‘

16.  The method of Claim 1, wherein the blanket layer of epitaxial SiGe
has a reduced density of defects as compared to a reference blanket layer of
epitaxial SiGe deposited under comparable conditions, except in the absence of
the etchant.

17.  The method of Claim 1, wherein the blanket layer of epitaxial SiGe
has an etch pit density of less than 10 defects cm™.

18.  The method of Claim 1, wherein the blénket layer of epitaxial SiGe
has an-etch pit density of less than 10° defects cm™.

19. A method comprising:

providing a single crystal silicon substrate in a chemical vapor
deposition chamber;

supplying a mass of silicon precursor into the chamber;

supplying a mass of germanium precursor into the chamber;

supplying a mass of etchant into the chamber, wherein the mass of
etchant supplied is less than the mass of silicon precursor and the mass of
germanium precursor, combined; and

depositing a SiGe film over the substrate.
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'20.  The method of Claim 19, wherein the SiGe film is deposited as a
blanket deposition.

21.  The method of Claim 19, wherein the substrate is a bare wafer.

22.  The method of Claim 19, wherein the subsirate is patterned with
windows of single crystal material within a dielectric material.

23.  The method of Claim 19, wherein the substrate is a wafer having a
first blanket layer deposited thereover, and wherein the SiGe film is deposited as
a second blanket layer over the first blanket layer.

24.  The method of Claim 19, wherein the chemical vapor deposition
chamber is a single wafer chamber.

25.  The method of Claim 19, wherein the SiGe film has a greater silicon
content at the interface with the substrate than at other points in the film.

26. The method of Claim 19, wherein the silicon precursor is selected
from the group consisting of silane, disilane, trisilane, chlorosilane, dichlorosilane,
trichlorosilane, and tetrachlorosilane.

27.-  The method of Claim 19, wherein the germanium source is selected
from the group consisting of germane, digermane, trigermane, chlorogermane,
dichlorogermane, trichlorogerfnane, and tetrachlorogermane.

28.  The method of Claim 19, wherein the etchant comprises hydrogen
chloride.

29. The method of Claim 19, wherein the germanium content of the
lanket SiGe film is between approximately 20% and approximately 100%.

30. The method of Claim 19, wherein the germanium content of the
SiGe film is between approximately 40% and approximately 80%.

31.  The method of Claim 19, wherein the etchant is supplied into the
chamber at a rate between approximately 25 sccm and 50 scem.

32. The method of Claim 19, wherein the chamber has a temperature
between approximately 350°C and approximately 1100°C during deposition of the
SiGe film.

33. The method of Claim 19, wherein the chamber has a temperature
between approximately 800°C and approximately 900°C during deposition of the
SiGe film.

-11-



10

15

20

25

30

WO 2004/081986 PCT/US2004/007385

34. The method of Claim 19, wherein the chamber has a pressure
between approximately 0.200 Torr and approximately 850 Torr during deposition
of the SiGe film.

35. The method of Claim 19, wherein the chamber has a pressure
between approximately 1 Torr and approximately 100 Torr during deposition of
the SiGe film.

36. The method of Claim 19, wherein the SiGe film has a surface
roughness of less than approximately 40 A rms.

37. The method of Claim 19, wherein the SiGe film has a surface
roughness of less than approximately 30 A rms.

38. The method of Claim 19, wherein the SiGe film has a surface
roughness of less than approximately 20 A rms.

39. A method of blanket depositing a SiGe film comprising:

intermixing a silicon source gas and a germanium source gas;

‘adding an etchant to the intermixed source gases to from a gaseous
precursor mixture;

flowing the gaseous precursor mixture over a substrate under
chemical vapor deposition conditions; and

depositing a blanket layer of epitaxial SiGe onto the substrate;

wherein the mass of etchant added to the intermixed source gases

is less than a mass of etchant added to the intermixed source gases in a

selective deposition process.

40. The method of Claim 39, wherein the mass of etchant added to the
intermixed source gases is less than the mass of the intermixed source gases.

41. The method of Claim 39, wherein the substrate is positioned within
a chemical vapor deposition chamber.

42. The method of Claim 39, wherein the substrate is positioned within
a chemical vapor deposition chamber, and wherein the etchant is supplied to the
chamber at between approximately 1 sccm and approximately 200 sccm.

43. The method of Claim 32, wherein the substrate is positioned within
a chemical vapor deposition chamber, and wherein the etchant is supplied to the

chamber at between approximately 25 sccm and approximately 50 scem.

12



WO 2004/081986 PCT/US2004/007385
11

<z
59/

The
@

B | D
¥ &
:




	Abstract
	Bibliographic
	Description
	Claims
	Drawings

