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PHONON-ENHANCED CRYSTAL GROWTH AND LATTICE HEALING

GOVERNMENT SPONSORSHIP INFORMATION

This invention was made with Government support under Grant No. DE-
FG36-09G0O19001, awarded by the Department of Energy. The Government has

certain rights in this invention.

PRIORITY INFORMATION

This application claims priority from provisional application Ser. No.
61/266,677 filed December 4, 2009, which is incorporated herein by reference in its

entirety.

BACKGROUND OF THE INVENTION

The invention is in the field of production of crystalline materials, and in
particular to phonon-enhanced crystal growth and lattice healing.

Modern semiconductor technology demands high-quality crystalline solids for
high-performance and high-efficiency devices. In the case of solar cells (PV,
photovoltaic), where the materials quality demands are less stringent, half of the
industry has adopted a multicrystalline silicon (me-Si) based technology. While
manufacturing costs of mc-Si are lower than single-crystalline silicon, the efficiencies
achievable with mc-Si materials are also significantly lower. The principal
performance limitation of mc-Si lies in its high defect content. Dislocations, grain
boundaries and impurities are the principal causes of carrier recombination and
lifetime losses. The majority of these defects arise from the use of a less pure silicon

feedstock source and a less sophisticated crystal growth technique.
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During the growth of silicon crystals, the thermal characteristics of the
growing system are the most important consideration. The morphology, crystal
quality, and impurity content are determined by the nature of the heat flow balance
around the melt-crystal interfaces.

In the case of ribbon or foil me-Si, the crystal cools by radiation and gas
convection at the crystal surface, while the melt radial temperature gradient is
determined by the melt aspect ratio and heater geometry. In the case of ingot mc-Si,
the crystal cools by conduction through the crucible walls, as well as radiatively and
convectively via the top surface.

The interface shape and isotherms in the growing crystal are controlled by the
melt temperature gradients and the crystal cooling conditions as well as the
crystallization rates.

These configurations correspond to high thermal stress conditions, which can
generate dislocations and small-angle grain boundaries when the thermal stress
exceeds the critical resolved shear stress.

Specifically, structural defects like dislocations play an important role in
lifetime degradation since they act as centers for recombination of charge carriers
(electrons, holes). It is known that a dislocation density decrease from 10% cm™ to 10
cm? results in a lifetime increase of 70%. Likewise, the reduction of dislocation
densities in mc-Si from 107 cm™ (found in as-grown wafers) to <10* cm? can
potentially increase photovoltaic efficiencies on the order of 10-20% relative. While
this is especially promising in photovoltaics, where mc-Si is the major starting
material, removal of dislocations with low manufacturing cost would have a

tremendous impact in other industries such as semiconductor device processing.
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It has been shown that high temperatures and stresses enhance dislocation
motion and help alleviate the crystallographic defects found in different sources of
me-Si (e.g. string-ribbon, ingot me-Si). Previous studies also show that by applying
mechanical loads and high temperature to solid blocks / bricks and wafers of

multicrystalline silicon, dislocation densities can be reduced.

SUMMARY OF THE INVENTION

According to one aspect of the invention, there is provided a system for
modifying dislocation distributions in semiconductor materials. The system includes
one or more vibrational sources for producing at least one excitation of vibrational
mode having phonon frequencies so as to enhance dislocation motion through a
crystal lattice.

According to another aspect of the invention, there is provided a method of
modifying dislocation distributions in semiconductor materials. The method includes
providing one or more vibrational sources. Also, the method includes producing at
least one excitation of vibrational mode using the one or more vibrational sources.
The at least one excitation of vibrational mode includes phonon frequencies so as to

enhance dislocation motion through a crystal lattice.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a graph illustrating the relation between phonon frequency and

reduced wave vector (;

FIGs. 2A-2C are schematic diagrams and a SEM diagram illustrating the

arrangement and performance of the invention;
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FIG. 3 is a table illustrating the properties of Si phonons formed in accordance
with the invention; and

FIG. 4 is a table illustrating the properties of acoustical phonons formed in

accordance with the invention.

DETAILED DESCRIPTION OF THE INVENTION

The invention involves a technique to modifying dislocation distributions in
crystalline material during crystal growth or after crystal growth. The invention is
based in the idea that excitations at particular phonon modes can effectively enhance
dislocation annihilation, for example, by promoting dislocations of different signs to
move and find each other for pair-wise annihilation. The invention can also be
applied as a technique that aids in the reduction of dislocation densities in a crystal
lattice.

In particular, the invention proposes to engineer phonon excitation in materials
to facilitate lattice healing and consequently decrease the density of dislocations.
Excitation and propagation of phonons through the lattice with specific directions and
speeds would allow the creation of spatially and temporally varying electrostatic,
chemical, thermal, and mechanical gradients which could drive defects such as
impurities and dislocations out of the bulk crystal.

Phonons are quantum of vibrational modes in rigid crystal lattices. They are
responsible for many electronic and thermal properties of a material (e.g. thermal
conductivity, elastic modulus). Phonons move through a lattice as waves but also
have the characteristics of a quantum mechanical particle. Because of the wave-
particle duality, phonons are usually described in terms of their frequency (f) and

wavenumber (k), as shown in FIG. 1.
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For most semiconductor materials, three types of phonons exist; acoustic,
optical and thermal. Acoustic and optical phonons correspond to specific vibrational
modes of the lattice atoms. These phonons have well-described frequencies and
wavelengths. These phonons travel with known group velocity determined by the
dispersion relation df/dk, where f is the frequency and k is the wavenumber. These
phonons move along specific crystal axes undampened. Acoustic phonons have
longer wavelength with lower frequency and correspond to sound waves propagating
through the lattice. Optical phonons have longer wavelength with higher frequencies
and are casily excited by light (e.g. infrared absorption and Raman scattering).
Thermal phonons are random vibrations of the atoms in the lattice, which have no
resonant modes.

Current research suggests that thermal phonons can provide the necessary
energy to change dislocation velocity and move them through the crystal lattice to
locations where they can be annihilated or removed. This invention entails the use of
resonance phonons with controllable modes and frequencies to move dislocations in
specific directions with specific speeds. This invention also details techniques to
create thermal phonons so as to transfer energy to dislocations, increasing their ability
to move through the lattice. External sources of low frequency phonon excitations
would optimize the growth or healing of crystal structures and drive out defects.

FIG. 2A-2C show schematic diagrams illustrating the invention. FIG. 2A
shows vibrations sources 2 and 4 to produce the superposition of the vibrational
excitations 6. The invention can include excitation of vibrational modes 6 coupled
into a sample from opposite directions, as shown in FIG. 24, along either a transverse
or longitudinal axis. The resulting superposition of the vibrational waves, shown in

FIG. 2B would result in a traveling wave front 12 which would act to create areas of
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cyclic stress inside the sample 10. Application of heat, as produced by the heating
elements 8, would enhance the movement of dislocations along the direction of the
engineered wave and drive dislocations from the sample 10. FIG. 2C illustrates the
movement or in some cases the removal of the dislocation as show in the material 10.

FIG. 3 illustrates a table showing the relationship between various Si phonon
modes and the respective frequencies and wavelength produced by optical phonons.
These modes can be used to form various phonon excitations to form a traveling wave
that can operate efficiently in a Si material sample for moving dislocation. In other
materials systems the mode, frequencies and wavelengths can be different but the idea
is the same, movement of dislocation can be obtained by producing traveling waves
having a number of phonon excitations.

FIG. 4 illustrates a table showing the relationship between various phonon
modes wave propagation in a lattice, wave character, expression of wave speed, and
the actual wave speed produced by acoustical phenons. Instead of heating a sample to
temperatures above 1100C, one could couple energy into a resonant channel.

The invention reduces dislocation density in semiconductor materials by
exciting phonon frequencies to enhance dislocation motion through the lattice. The
invention can operate in heated-environments, room temperature, or low-temperature
environments. The samples used in accordance with can have specimens with
deposited diffusion barriers or specimens with no diffusion barriers. The phonon
excitations can be time dependent or time independent. Optical excitations can be
formed from a laser or other coherent photon source, such electron beams. Acoustic
excitations can be formed from sound waves or pressure waves created by pulsed
contact with the material. Low-energy excitation can be generated by thermal

gradients, thermal pulses and temperature variations. Alse, acoustic and/or optical
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excitations can include pulses, an oscillating electric field, a constant electric field, or
a combination thereof.

The invention can be performed using sub-bandgap light that is absorbed
preferentially at dislocations.  The invention can be performed by using
electromagnetic energy, such as light, that can inject electron hole pairs, which upon
recombination release energy in the form of phonons, which can be utilized by nearby
dislocations to enhance its diffusion.

The invention can be applied to bulk semiconductor materials during the
growth process specifically right after the melt, where the temperatures are in the
appropriate range. In addition, the invention can be applied to silicon growth by (a)
pulled string ribbon growth, (b) edge-defined-film-fed growth (EFG), (c) ingot
directional solidification from a melt, (d) horizontal ribbon or wafer growth, or (e)
Float zone and Czochralski type growth.

Bulk semiconductor materials can be used in accordance with the invention to
form ingot or bricks before wafering or cutting. Wafers and ribbon comprising bulk
semiconductor materials can be produced using the invention. The invention can also
be applied in producing thin film semiconductor materials during deposition on
crystalline or amorphous substrates.

Also, the strings used in string ribbon silicon growth can be used to apply the
necessary vibrations for excitation of phonons using the invention, External waves
can be engineered to come from different directions to create regions of traveling
waves, creating temporal and spatial cycling inside the lattice on the atomic level.
The external waves are created to move dislocations to overlapping locations where
recombination and annihilation occur or to the surface of the material. Also, external

waves can create phonon excitations in various planes at the same time, causing
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dislocation movement through different lattice orientations. The phonons drive
dislocations to the surface of the material.

The external excitations can be specifically engineered with phase, frequency,
wavelength, shape, velocity, group velocity, phase velocity, polarization (transverse
and longitudinal), and interference patterns of multiple excitations to gain specific
dislocation movement. The source of external excitations can be a single source such
as a speaker playing specific tones with variable frequencies, amplitudes, duration,
and shapes.

Multiple external sources can be made to excite complex interference patterns
of either standing waves, traveling waves, or more complex waves through the
material. These external excitations can create phonons without causing damage to
surrounding crystal structure. In addition, the phonons can be created for the purpose
of annihilating dislocations, without causing a larger number of new dislocations to
form in the material.

Although the present invention has been shown and described with respect to
several preferred embodiments thereof, various changes, omissions and additions to
the form and detail thereof, may be made therein, without departing from the spirit
and scope of the invention,

What is claimed is:

PCT/US2010/058869
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CLAIMS

I 1. A system for modifying dislocation distributions in semiconductor materials
2 comprising:

3 a crystal lattice;

4 one or more vibrational sources for producing at least one excitation of

5  vibrational mode having phonon frequencies so as to enhance dislocation motion

6  through said lattice.

1 2. The system of claim 1 further comprising a heating element to further enhance the

2 dislocation motion through the lattice.

1 3. The system of claim 1, wherein the one or more vibrational sources produce a

2 superposition of the vibrational modes.

1 4. The system of claim 1, wherein the at least one excitation of vibrational mode

2 comprises acoustical, thermal, or optical modes.

1 5. The system of claim 1, wherein the at least one excitation of vibrational mode
2 produces a traveling wave front which acts to create areas of cyclic stress inside the

3 lattice.

I 6. The system of claim 1, wherein the one or more vibrational sources comprise a

2 laser or other coherent photon source.

I 7. The system of claim I, wherein the one or more vibrational sources produce sound

2 waves or pressure waves created by coupling with the semiconductor materials.

1 8. The system of claim 1, wherein the one or more vibrational sources produce

2 thermal gradients, thermal pulses and temperature variations.
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9. The system of claim 1, wherein the one or more vibrational sources comprises

pulses, an oscillating electric field, a constant electric field, or a combination thereof.

10. The system of claim 1, wherein the at least one excitation of vibrational mode is
created to move dislocations to overlapping locations where recombination and

annihilation occur or a surface so as to create reduction in dislocation densities.

11. A method of modifying dislocation distributions in semiconductor materials
comprising:

providing one or more vibrational sources;

producing at least one excitation of vibrational mode using the one or more
vibrational sources, the at least one excitation of vibrational mode having phonon

frequencies so as to enhance dislocation motion through a crystal lattice.

2. The method of claim 11 further comprising a heating element to further enhance

the dislocation motion through the lattice.

13. The method of claim 1, wherein the one or more vibrational sources produce a

superposition of the vibrational modes.

14. The method of claim 11, wherein the at least one excitation of vibrational mode

comprises acoustical, thermal, or optical modes.

15. The method of claim 11, wherein the at least one excitation of vibrational mode
produces a traveling wave front which acts to create areas of cyclic stress inside the

lattice.

16. The method of claim 11, wherein the one or more vibrational sources comprise a

laser or other coherent photon source.



WO 2011/069054 1 PCT/US2010/058869

1 17. The method of claim 11, wherein the one or more vibrational sources produce

2 sound waves or pressure waves created by coupling with the semiconductor materials.

I 18. The method of claim 11, wherein the one or more vibrational sources produce

2 thermal gradients, thermal pulses and temperature variations.

1 19. The method of claim 11, wherein the one or more vibrational sources comprises

2 pulses, an oscillating electric field, a constant electric field, or a combination thereof.

1 20. The method of claim 11, wherein the at least one excitation of vibrational mode is
2 created to move dislocations to overlapping locations where recombination and

3  annihilation occur or a surface so as to create reduction in dislocation densities.
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