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physical vapor deposition with
chemical vapor deposition.
Embodiments include forming
boride films, such as magnesium
diboride, on silicon substrates by
physically generating magnesium
vapor in a deposition chamber and
introducing a boron containing
precursor into the chamber which
combines with the magnesium
vapor to form a thin boride film
on the silicon substrates.
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BORIDE THIN FILMS ON SILICON

Cross-Reference to Related Application

[001] This application claims the benefit of U.S. Provisional Application No.
60/450,321, filed 28 February 2003, which is hereby incorporated herein by reference in its
entirety. This appli.cation contains subject matter that may be related to U.S. Application No.
10/395,892, filed 25 March 2003 and titted METHOD FOR PRODUCING BORIDE THIN
FILMS.

Field of the Invention |

[002] The present invention relates to thin films for electronics and methods of their
formation and, in particular, to boride thin films on silicon for use in superconducting

electronics such as superconducting integrated circuits.

Background

[003] Integrated circuits using superconductors are more suitable for ultrafast
processing of digital information. Niobium (Nb) based superconductor integrated circuits
using rapid single flux quantum (RSFQ) logic have demonstrated the potential to operate at

“clock frequencies beyond 700 GHz. However, the Nb-based circuits must operate at
temperatures close to 4.2 Kelvin (K), which requires heavy cryocoolers with several
kilowatts of input power, which is not acceptable for most electronic applications. Circuits
based on high temperature superconductors (HTS) would advance the field. However,
reproducible HTS Josephson junctions with sufficiently small variations in device parameters
have proved elusive despite 16 years after the discovery of HTS.

[004] The success in HTS Josephson junctioné has been limited due to the lack of an

adequate thin film technology. Because superconducting integrated circuits utilize a
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multilayer structure including superconducting, insulating and resistive films, an in situ
process in which the HTS is formed directly on the substrate is desirable.

[005] The newly-discovered superconductor material magnesium diboride (MgB,)
holds great promise for superconducting electronics, in part, because of its relatively high
transition terﬁperature (T.), at which temperature the respective material becomes
superconducting and changes in electrical resistance from a measurable or relatively'high
value of resistance to a value of zero. This temperature for MgB,, in bulk, can be as high as
39 K. Like the conventional superconductor Nb, MgB; is a phonon-mediated superconductor .
with a relatively long coherence length. These properties make the prospect of fabricating
reproducible uniform Josephson junctions more favorable for MgB; than for other high
temperature superconductors,

[006] A problem encountered in depositing MgB, thin films, however, is that
sufficient magnesium vapor pressure is necessary to provide for a thermodynamically stable
MgB; phase at elevated temperatures. This problem is complicated when forming boride
thin films on substrates containing silicon because of magnesium's propensity to chemically
react with silicon at high temperatures. Indeed, previous thermodynamic calculations and
investigations indicate that it is not possible to grow magnesium diboride thin films on a
silicon substrate (T. He, R. J. Cava and J. M. Rowell, "Reactivity of MgB2 with common

~ substrate and electronic materials”, Appl. Phys. Lett., vol. 80, 2002, 291-293). Magnesium's
reactivity with silicon and silicon oxides leads to magnesium-silicon and magnesium-silicon-
oxide compounds that contaminate the silicon surface and, in extreme situations, prevents
usable magnesium boride films on silicon substrates.

[007] Accordingly, a continuing need exists for the efficient manufacture of boride
thin films on silicon. It is further desirable to form high purity, super conducting boride films
on silicon by an in situ process to facilitate fabrication of semiconductor electronic

components.
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Brief Summary

[008] Advantages of the present invention are boride thin films on silicon and
methods for their manufacture.

[009] Additional advantages and other features of the present invention will be set
forth in the description which follows and in part will be apparent to those having ordinary
skill in the art upon examination of the following or may be learned from the practice of the
present invention. The advantages of the present invention may be realized and obtained as
particularly pointed out in the appended claims.

[010] According to the present invention, the foregoing and other advantages are
achieved in part by a method which combines physical vapor deposition with chemical vapor
deposition. The method comprises ihtroducing or providing a substrate containing silicon,
Le., a substrate typically used in fabricating semiconductors, into a reaction or deposition
chamber. The method further includes physically generating vapor from at least one
magnesium target, which is within the chamber containing the substrate. The vapor of the
target material can be physically generated as by, for example, heating the target material,
ablating the target material, or by employing a pulsed laser upon the target material thereby
physically generating vapor of the target material in the chamber. Advantageously, the vapor
pressure of the magnesium is maintained at a particular range thereby minimizing the
formation of magnesium-silicon contaminants, such as magnesium silicides and magnesium
silicates. In one aspect, the target material is in close proximity to the substrate, e. g. within
several inches, to facilitate formation of the thin film thereon. The target material is in close
proximity to the substrate to facilitate formation of the thin film thereon.

[011}] The method additionally includes introducing at least one boron containing
precursor to the chamber. During the formation of a magnesium boride film, the precursor
combines with the vapor from the at least one magnesium target to form a boride thin film of
the combined precursor and magnesium on the substrate. Typically, vapor from the
magnesium target and the precursor combine by chemical reaction to form a thin film that
comprises constituents of the target and constituents of the precursor. However, physical

combinations of the two are also contemplated.
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[012) Embodiments of practicing the present invention include physically
generating vapor froni magnesium, or alloys thereof by heating the target material in a
reaction chamber; introducing a boron containing precursor, such as borane, to the chamber
to combine with the target material; adding or combining a carrier gas, such as hydrogen
and/or nitrogen to the precursor; and forming a magnesium boride film on a silicon substrate.

[013] Another aspect of the present invention is a thin magnesium diboride film
suitable for use in semiconductor applications. In an embodiment of the present invention,
the magnesium diboride film is in direct contact with the surface of a silicon substrate and the
interface between the magresium diboride film and substrate is substantially free of
magnesium-silicon compounds, such as magnesium silicides or magnesium silicates.

[014] Additional advaﬁtages of the present invention will become readily apparent
to those skilled in this art from the following detailed description wherein embodiments of
the present invention are described simply by way of illustrated of the best mode
contemplated for carrying out the present invention. As will be realized, the present
invention is capable of other and different embodiments, and its several details are capable of
modifications in various obvious respects, all without departing from the present invention.
Accordingly, the drawings and description are to be regarded as illustrative in nature, and not

as restrictive.

Brief Description of the Drawings

[015] The various features and advantages of the present invention will become
more apparent and facilitated by reference to the accompanying drawings, submitted for
purposes of illustration and not to limit the scope of the invention, where the same numerals
represent like structure and wherein:

[016] Fig. I shows a pressure-temperature phase diagram calculated for depositing a
magnesium boride film on a silicon substrate. The region between the two dotted lines
indicates the conditions in which magnesium diboride is thermodynamically stable. The
region between the “gas+Mg,Si” indicates the conditions in which magnesium reacts with

silicon to form Mg,Si, the “gas” component is that of magnesium. The region between the
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"gas+Si" represents the thermodynamic stability window for the deposition of a magnesium
boride film such as MgB; on a silicon substrate with minimal, if any, Mg-Si compound
impurities between the substrate and the grown film. |

[017] Fig.2isa schematic view of an apparatus that can be employed to practice an

aspect of the present invention.

Description of the Invention

[018] The present invention contemplates forming thin boron containing films on -
substrates comprised of silicon by combining, in part, physical vapor deposition (PVD) with
chemical vapor deposition (CVD). This hybrid physical chemical vapor deposition
(HPCVD) process addresses various problems arising in fabricating thin films of
superconducting materials, such as magnesium diboride, which are not readily achieved by
either PVD or CVD individually.

[019] A HPCVD system and its use was described in an earlier Application, U.S.
Patent Application No. 10/395,892 filed 25 March 2003 and entitled "METHOD FOR
PRODUCING BORIDE THIN FILMS", the entire disclosure of which is hereby
incorporated by reference herein. This application describes, inter alia, forming magnesium
boride films on substrates composed of silicon by HPCVD and discloses the thermodynamics
of combining magnesium and boron on a silicon substrate.

[020] To better understand the conditions needed for forming thin boride films on
silicon, the thermodynamics of the substrate as well as the thermodynamics of the target
material and precursor during thin film deposition is helpful. For example, although MgB,
has been known and structurally characterized since the mid 1950’s, detailed thermodynamic
information is limited. ~Thermodynamic analysis and calculation of phase diagrams
(CALPHAD) can be achieved with known software programs and known methods. See, e.g.,
Z. K. Liu et al. “Computational Thermodynamic modeling of Mg-B System” CALPHAD
2001:25:299-303; Z. K. Liu et al. "Thermodynamics of the Mg-B system: Implications for
the Decomposition of MgB2 thin Films" Appl. Phys. Lett. 2001:78:3678-3680.
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[021] In the CALPHAD approach, the Gibbs energies of individual phases in a
system are constructed with models primarily based on the crystal structures of the phases.
For pure elements, the most commonly used model is that suggested by the Scientific Group
Thermodata Europe (SGTE). Using the experiméntally-measured enthalpy of formation and
estimated decomposition temperatures, the Gibbs energy of each phase is evaluated with, for
example, the Thermo-Calc progrém, which can be obtained commercially through Thermo-
Calc Software located in Stockholm, Sweden. The phase equilibria are then calculated and
used as guides for determining the optimum conditions for depositing the films.

| [022] Previous thermodynamic calculations and experimental investigations have
indicated that it was not possible to grow a magnesium diboride film on a silicon substrate
due to the reaction between magnesium vapor and silicon. Our new and more detailed
calculations; however, have found the existence of a processing window in which thin films
of magnesium boride on silicon substrates can be fabricated. Our calculations show that
magnesium boride films can be formed on silicon if the vapor pressure of the magnesium is
lowered as compared to previous processing pressures.

[023] What may have not been appreciated prior to the present disclosure is the
recognition that including the substrate characteristics in the thermodynamic calculations
permits a more accurate representation of the processing conditions need to achieve the films.
Hence, in one aspect of the present invention, a boron'containing thin film is formed on a
silicon substrate under the thermodynamic conditions within those shown in Fig. 1.

[024] Fig. 1 represents a Mg-Si phase diagram and indicates conditions where an
MgB; film is thermodynamically stable, i.e., within the two dotted lines. The figure also
indicates where magnesium is stably in vapor form, i.e. regions .showing “gas”, and also
where magnesium chemically interacts with silicon, i.e., indicated as “gastMg,Si”. The
region between the "gas+Si" represents the thermodynamic stability window for the
deposition of a magnesium boride film on a silicon substrate.

[025] Asshown in Fig. 1, the upper and lower limits in which magnesium vapor can
be stably in contact with silicon can be calculated. For example, the upper line in the region

"gas+Si" can be approximated by Log(P) = - 9549.5/T+9.1; and the lower line can be
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approximated by the equation Log(P)= - 10142/T+8.562, where P represents pressure in units
of Torr and T represents temperature in Kelvin (K). Maintaining magnesium vapor pressure
at a magnesium partial pressure in a reaction chamber withih about the range defined by the
above equations, permits magnesium vapor to interact and react with the boron precursor and
minimizes, if not completely eliminates, any reaction between magnesium and silicon. By
this process, a magnesium boride film can be formed directly on silicon without substantial
amounts of magnesium-silicon contaminants between the substrate surface vand the
magnesium boride film. |

[026] Although the foregoing discussion is most applicable to forming a magnesium
diboride film oﬁ silicon, other boride thin films, can likewise be analyzed and the most
optimum processing conditions determined.

[027] Any number of boron containing precursors can be used to produce boron
confaining thin films. Borides are a family of materials with many different functionalities.
These include superconductivity (e.g. MgBa, Tc of about 40K), high conductivity metal (e.g.
TiB,, p of approximately 10Qcm), semiconductor (e.g. CaBs, Eg 0.8eV), thermoelectric and
thermionic materials (e.g. LaBg), magnetic semiconductor (e.g. CaBs and SrBs), and |
magnetic supefconductor (e.g. ReRhyB;). The HPCVD technique can be readily applied to
the deposition of other boride materials, and for the deposition of heterostructures of borides.
Examples of boron containing precursors includes boranes, boron trichloride, boron
tribromide, etc.

[028] In one aspect of practicing the present invention, a substrate comprised of
silicon is placed in a reaction chamber of an HPCVD system. The substrate can be those that
are typically used in the serriiconductor industry, but any silicon substrate can potentially be
used in this system. Vapor from at least one magnesium target, which is within the chamber
with the subsfrate, is then physically generated. The vapor can be generated by thermally
heating the target material, by oblating the target material, or by using a pulse laser to obtain
the necessary vapor pressure of the target material. The target material is typically a metal or

metal alloy such as magnesium, and alloys thereof. Vapor from the target material is
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combined with a béronprecursor which is introduced to the chamber during physically
generating Avapor of the target material.

[029] In practicing one aspect of the invention, an HPCVD apparatus is described,
which can take physical form in certain péns and arrangements of parts. In Fig. 2, an
HPCVD system is illustrated. As shown in Fig. 2, system 10 includes a water cooled vertical
quartz tube reactor chamber 12. The chamber can be maintained at any appropriate pressure,
as determined by a thermodynamic analysis for the applied film. Susceptor 14 is placed
coaxially inside chamber 12 as shown. The susceptor can be made from a SiC-coated
graphite, Mo, stainless steel 6r any other suitable material. The Suseptor has retaining
groove 16 in which bulk pieces of target material 18 can be placed. In this example, the
source material is in the chamber and in close proximity to silicon substrate 20, which is atop
suseptor 14. Susceptor 14 can be heated, for example, by an inductance heater (not shown
for illustrative convenience). The susceptor can be heated to any appropriate temperature to
thermally general vapor of the target material. In one embodiment, the temperature of this
susceptor is maintained between about 20°C to 1200°C, e.g., between about 650-1300 K and
preferably between about 900-1100 K.

[030] Heating the suseptor, and/or operating the HPCVD system physically
generates vapor 22 of target material 18. In this example the vapor is that from a magnesium
source, such as from a high purity magnesium ingot. Carrier gas 24, such as H;, and boron
precursor 26, such as borane, can be introduced into chamber 12 simultaneously or
individually and at different times from one another and at various flow rates.

[031] Further improvements and flexibility in forming thin films is contemplated by
employing different HPCVD configurations. For example, different system configurations
would allow independent control over the substrate and target material's temperatures and
could be achieved by two ifldependent heater/controllers - one for the substrate and one for
the target material. This would increase the range of the growth parameters. Reduced
substrate temperatures may also be desirable for the fabrication of multilayer semiconductor
structures and junctions where diffusion of components in the semiconductor layers during

growth of the thin film at elevated temperature is a concern.
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[032] Additionally, films with larger areas and thicknesses can be fabricated
reproducibly, and with uniform morphology by varying the distribution of vapor from the
target material and precursor. This can be achieved, for example, by varying the position of
the target material with respect to the substrate. _

[033] As an example, it is expected that a MgB, film can be formed on a silicon

* substrate by initially providing a silicon substrate in to a deposition chamber of an HPCVD
system and evacuating the chamber. The chamber can be purged prior to and/or after
evacuation with an inert gas and/or nitrogen to remove contaminates, such as oxygen. A
boron precursor, such as borane, can be bled in to the chamber with or without a carrier gas,
such as hydrogen, while a magnesium target source is heated to generate magnesium vapor.
The temperature and~pressure conditions should be maintained such that the thermodynamics
permit growth of the MgB; film on the silicon substrate with minimal production of
magnesium/silicon compounds. As indicated by thermodynamic analysis, a pressure of
about 1 to about 10 Torr together with a substrate temperature of around 1000 K while
heating a magnesium source to just above its melting point, i.e., above about 900-922 K,
would permit the deposition of an MgB, film on a silicon substrate. Other processing
conditibn can be determined as shown by Fig. 1 and are contemplated by the present
invention.

[034] Thin metal boride films on silicon substrates can be used in semiconductor
and superconductor electronics. These structures typically include additional conductive,
semiconductive and insulating layers to form multilayered structures comprising the metal
boride film, such as magnesium diboride, and a substrate comprised of silicon.

[035] In the preceding detailed description, the present invention is described with
reference to specifically exemplary embodiments thereof. It will, however, be evident that
various modifications and changes may be made thereto without departing from the broader
spirit and scope of the present invention, as ‘set forth in the claims. The specification and
drawings are, accordingly, to be regarded as illustrative and not restrictive. It is understood

that the present invention is capable of using various other combinations and environments
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and is capable of changes or modifications within the scope of the inventive concept as

expressed herein.
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What is Claimed Is:

1. A method of forming a thin film of magnesium boride on a silicon substrate,
the method comprising: _

introducing a substrate containing silicon into a chamber;

physically generating vapor from at least one source of magnesium, which is within
the chamber with the substrate; ,

introducing at least one boron precursor to the chamber, which combines with the
vapor from the at least one source of magnesium to form a thin film of magnesium boride on
the substrate, substantially free of magnesium-silicon contaminates between the substrate and

the magnesium boride film.

2. The method of claim 1, comprising introducing a carrier gas to the chambef

prior to, during, or after introducing the boron precursor.

3. The method of claim 2, wherein the carrier gas contains hydrogen and/or
nitrogen.
4. The method of claim 1, comprising maintaining a pressure of about 0.1 to

about 100 Torr in the chamber during formation of the magnesium boride film on the

substrate.

5. The method of claim 1, comprising heating the at least one source of
magnesium to a temperature of about 650 K to about 1300 K to physically generate vapor of

the at least one source of magnesium.

6. The method of claim 1, comprising maintaining a distance of no less than
several inches between the substrate and the at least one source of magnesium while

physically generating vapor from the at least one source of magnesium.
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7. The method of claim 1, wherein the boron precursor is boron trichloride,

boron tribromide, diborane, trimethylboron, boron trifluoride, or any combination thereof.

8. The method of claim 1, comprising maintaining a pressure of about 0.1 Torr
to about 30 Torr in the chamber during formation of the magnesium boride film on the

substrate.

9. The method of claim 1, wherein the pressure of the vapor is maintained within
Log(P) = - 9549.5/T+9.1; and Log(P)= - 10142/T+8.562, where P represents pressure in

units of Torr and T represents temperature in Kelvin.

10.  The method of claim 1, comprising physically generating the vapor of the

magnesium thermally, or by a pulsed laser.

11.  The method of claim 1, comprising physically generating magnesium vapor
from the at least one source of magnesium, and introducing a carrier gas to the chamber

along with the boron precursor.

12. A method of forming a thin film of magnesium boride on a silicon substrate,
the method comprising:

introduping a silicon substrate into a chamber;

physically generating magnesium vapor from a magnesium source by heating the
magnesium source within the chamber;

introducing diborane to the chamber; and

forming a magnesium diboride thin film directly on the silicon substrate.
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13.  The methoed of claim 12, wherein the pressure of the magnesium vapor is
maintained within about Log(P) = - 9549.5/T+9.1; and Log(P)= - 10142/T+8.562, where P

represents pressure in units of Torr and T represents temperature in Kelvin (K).

14.  The method of claim 13, comprising introducing a carrier gas to the chamber

prior to, during, or after intrdducing the boron precursor.

15.  The method of claim 14, forming the magnesium diboride thin film directly
on the silicon substrate substantially free of any non-magnesium diboride compound between

the substrate and magnesium diboride film.

16. A multilayered structure comprising the magnesium diboride film of claim 15

and the substrate.

17. A method of forming a thin film of magnesium boride on a silicon substrate,
the method comprising:

introducing a silicon substrate into a chamber;

maintaining magnesium vapor at a magnesium partial pressure within the chamber
between about Log(P) = - 9549.5/T+9.1 and about Log(P)= - 10142/T+8.562, P represents
pressure in units of Torr and T represents temperature in Kelvin; and

introducing at least one boron precursor to the chamber to combine with the

magnesium vapor to form a thin film of magnesium boride on the substrate.
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