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METHOD OF DOPING SILICON, METAL
DOPED SILICON, METHOD OF MAKING
SOLAR CELLS, AND SOLAR CELLS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method of making
doped semiconductors, to doped semiconductors and to
products made thereof.

In another aspect present invention relates to a method of
making doped silicon, to doped silicon and to products made
thereof.

In even another aspect, the present invention relates to a
method of making solar cells, to solar cells and to products
including such solar cells.

2. Description of the Related Art

Solar cells as a potential source of energy were discovered
and developed in the 1950°s at Bell Labs.

For certain applications, solar cells are viewed as the only
practical power source. For example, for orbiting space
satellites, with payload weight for fuel at a premium, and
refueling a very difficult and costly proposition, solar cells
serve to power the satellite through its orbit. As another
example, unmanned exploratory space probes, which lack
not only suitable payload space for fuel, but which cannot be
refueled are powered by solar cells.

For terrestrial applications, solar power has long been
hailed as an ideal fuel source. Solar power is environmen-
tally clean and appears, in comparison to human lifespans
and needs, to be an infinitely renewable power source. Some
studies assert that less than 0.3% of the surface of earth
could be covered with solar cells to meet all the energy needs
of the world.

It has long been understood that for solar power to
become used not only for specialized uses, but for common
every day applications, it must become economic. During
the late 1970°s and early 1980°s with ever escalating fossil
fuel prices, it was believed that solar power would be
economical by the 1990°s. However, lack of noticeable
advancements in solar energy technology, combined with
stabilization of fossil fuel prices, has not been helpful in
promoting the use of solar power.

At present, solar power provides a mere fraction (less than
about 0.01%) of the current power usage of the whole world.
The general trend appears to be in the direction of increased
solar power usage. The cost of solar generated energy has
been steadily going down since 1960’s as its production has
been going up. Even at the current average price of near $3
per peak watt there exists a large market such as in remote
telecommunication repeaters, fibre optic amplifiers, remote
street signs, telephone booths along highways, or lights, and
remote homes and cabins. Further reduction in cost will only
serve to open up the market for utility scale power genera-
tion.

The first amorphous Si:H solar cell was produced in 1976
at the RCA laboratories by Carlson and Wronsky. Immedi-
ately after its discovery, the a-Si:H solar cell made the
transition from laboratory research to commercialization
due to its cost effectiveness. While these a-Si:H solar cells
are now being used in many solar energy operated electronic
products, low efficiency, degradation during long usage, and
other deficiencies have prevented it from becoming a viable
power source in many applications.

Polycrystalline and single crystalline silicon technology
currently holds about 82% of the world wide solar cell
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market. In 1995 this amounted to about 67 MWatts of power
generated which translates to a 200 million dollar market.
Photovoltaic power generation is increasing at a phenomenal
rate and it is projected that by the year 2010, about 10% of
the utility bulk power will be derived from the photovoltaic
solar cells. Making these crystalline silicon solar cells at low
cost will push its insertion into the power market even faster.
The current crystalline/multi-crystalline silicon solar cell
fabrication technology involves diffusion steps which
require temperatures as high as 1100° C. and metallization
steps which require sintering temperatures as high as 600° C.
Most of the crystalline silicon solar cells in the market are
made of multi-crystalline silicon substrates as they are much
cheaper and available in larger sizes. Unfortunately, high
temperature diffusion causes diffusion spikes along the grain
boundaries in multi-crystalline silicon solar cells possibly
causing device degradation and failure. Additionally, with
larger substrate sizes, it is extremely difficult to maintain
relatively uniform diffusion across the substrate.

Current fabrication technology also requires a separate
anti-reflection coating to reduce reflection losses and
increase efficiency. Current fabrication technology further
requires a step to create a rough surface texture to reduce
reflection losses and increase light trapping. This mechani-
cal texturing step increases fabrication costs.

Finally, current fabrication technology also requires a
hydrogen passivation step, generally hydrogen plasma
passivation, to passivate the grain boundries in multi-
crystalline silicon solar cells.

However, in spite of the many advancements in the prior
art, the prior art suffers from the disadvantages as detailed
above.

Thus, there is still a need for an improved method of
making solar cells, and for improved solar cells made
therefrom.

There is another need in the art for a method of making
solar cells which does not require high temperature diffusion
steps or metallization steps, and for improved solar cells
made therefrom.

These and other needs in the art will become apparent to
those of skill in the art upon review of this specification,
including its drawings and claims.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide for an
improved method of making solar cells, and for improved
solar cells made therefrom.

It is another object of the present invention to provide for
a method of making solar cells which does not require high
temperature diffusion steps or metallization steps, and for
improved solar cells made therefrom.

These and other objects of the present invention will
become apparent to those of skill in the art upon review of
this specification, including its drawings and claims.

According to one embodiment of the present invention,
there is provided a method of forming a polycrystalline
semiconductor layer on a substrate. The method generally
includes depositing a semiconductor onto the substrate to
form an amorphous semiconductor layer. The method fur-
ther includes depositing a metal onto the semiconductor
layer to form a structure comprising the substrate, amor-
phous semiconductor layer and a doping metal layer. The
method even further includes annealing the structure at a
temperature in the range of about 170° C. to about 600° C.
to convert at least a portion of the amorphous semiconductor
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layer into polycrystalline. Suitable examples of semicon-
ductor include silicon, germanium, silicon-germanium
alloys, germanium-carbon alloys, silicon-carbon alloys, and
silicon-nitrogen alloys

According to another embodiment of the present
invention, there is provided metal doped silicon. The doped
silicon generally includes polycrystalline silicon comprising
greater than about 1x10%° dopant atoms per cm? of silicon.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-F are representations showing preparation of n
type a-Si:H samples on oxidized silicon substrate with
FIGS. 1A-C showing “annealed after patterning” (AAP)
samples and with FIGS. 1D-F showing “annealed before
patterning” (ABP) samples.

FIGS. 2A and 2B show the change in sheet resistance and
contact resistivity for the ABP samples, respectively as a
function of anneal temperature.

FIGS. 3 shows the dark and light I-V characteristics of
one of the fabricated solar cells.

FIGS. 4A and 4B show the change in sheet resistance and
contact resistivity of the AAP samples, as a function of
anneal temperature, respectively.

FIG. 5 shows the micro Raman spectra for the interacted
a-Si:H films on glass substrates annealed at different tem-
peratures.

FIGS. 6A and 6B show X-ray diffraction spectra taken for
the 180, 200 and 300° C. annealed samples using the thin
film optics configuration.

FIG. 7 is an XPS spectra showing Si, , binding energies of
different silicon based samples.

FIGS. 8A and 8B show the conceptional band structures
of n-type a-Si:H with (a) n-type and (b) p-type c-Si.

FIG. 9 shows the valence band spectrum of uninteracted
and 300° C. annealed interacted n* a-Si:H film, with the
Fermi edge shown in the inset.

DETAILED DESCRIPTION OF THE
INVENTION
Cleaning Step

The method of the present invention includes an optional
cleaning step in which the substrate is cleaned. Generally,
any suitable cleaning method may be utilized, including
contact cleaning with a cleaning solution as are well known
in the art. Suitable cleaning solutions include various
sequential applications of strong acids strong bases, and
strong solvents.

The cleaning may be carried out at any temperature
suitable to provide proper cleaning, while not causing any
undue degradation of the substrate. Generally, the cleaning
is carried out at ambient temperature and pressure. The
cleaning solution must be substantially removed from the
substrate after cleaning, which removal is generally accom-
plished by water rinse thereof.

Base Deposition Step

Once the substrate has been prepared, the method of the
present invention further includes deposition of an intrinsic
or doped (n-type or p-type) amorphous silicon film on the
substrate.

By amorphous, it is generally meant that the deposited
layer will have at least a portion of the layer that is
noncrystalline, that is having no molecular lattice structure
which is characteristic of the solid state. Preferably, the
deposited layer will be substantially amorphous, although it
can include portions having crystallinity on a nano or
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micro-crystalline scale. More preferably, the deposited layer
will be entirely amorphous having no or substantially no
crystallinity.

The deposition of the silicon film is generally carried out
at any suitable substrate temperature that is less than the
temperature at which the substrate shows any substantial
dimensional or physical change. Preferably, the deposition
of the silicon film is carried out at a substrate temperature
less than about 400° C., more preferably less than about
250° C., and even more preferably less than about 50° C.,
and still more preferably at less than ambient temperature.

This deposition step may be carried out by any method
suitable to form the amorphous silicon film on the substrate.
As non-limiting examples, the deposition may by accom-
plished by physical or chemical vapor deposition, such as
plasma enhanced chemical vapor deposition, evaporation or
by sputtering.

The present invention is not limited to any particular
thickness for the deposited silicon film, as such thickness
will vary depending upon the ultimate desired end use of the
film.

This base deposition step is generally carried out under
conditions suitable to form the amorphous silicon structure.
Acid Wash Step

Once the silicon film is deposited upon the substrate, it
may be necessary to clean the silicon film. Foreign sub-
stances may gather on the film, or an oxide layer may form
thereon. Optionally, the substrate is then contacted with a
cleaning solution to remove any contaminants and undesir-
able oxide layers thereon. Preferably, the cleaning solution
is a strong acid or strong base. Non-limiting examples of
suitable cleaning solutions include hydrofluoric acid (HF) or
buffered oxide etching solution.

Metal Deposition Step

Once the silicon film has been cleaned with the acid, the
next step is to deposit a thin metal film onto the silicon film
layer, wherein the metal is selected to form the silicon film
layer into either a p-type, n-type or intrinsic structure.

The thickness of the metal film will be any thickness
suitable as desired. It is generally desired that the metal film
substantially cover the silicon film layer.

Suitable doping metals for use in the present invention are
selected from transition metals, and groups III, IV and V of
the periodic table.

This doping metal deposition step may be carried out by
any method suitable to form the doping metal layer on the
silicon film. As non-limiting examples, the deposition may
be accomplished by thermal evaporation or by sputtering.
Annealing

Once the doping metal layer has been deposited onto the
silicon layer, the formed structure is then annealed for a
suitable time at a suitable annealing temperature.

Generally, annealing temperatures are in the range of
about 170° C. to about 600° C., preferably in the range of
about 200° C. to about 450° C., and more preferably in the
range of about 200° C. to about 300° C. It is also possible
to use higher temperature spikes at higher temperatures,
provided that no substantial damage is caused to the sub-
strate (e.g., rapid thermal processing).

Annealing times are generally in the range of about 1
second to about 24 hours, preferably in the range of about 30
seconds to about 1 hour, and more preferably in the range of
about 1 minute to about 30 minutes.

It is preferred that the annealing be carried out in a gas
ambient that will not react with or cause any undue effects
to the silicon and doping metal layers. Preferably, the
annealing is carried out in a gas that is inert to the silicon and
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doping metal layers. Non-limiting examples of suitable
gases in which to carry out the annealing include nitrogen,
argon, helium, or any other gas substantially inert to the
system.
Etching

Once the silicon and doping metal layers have been
annealed, the next step is to selectively etch the metal film
in a desired pattern (for example, in a grid pattern for solar
cells on the top to provide an electrical contact as well as
allow passage of light).

The process of the present invention provides a structure
having a natural roughened surface, providing a natural
antireflection effect, an added advantage for certain
applications, and thus eliminating the need for an expensive
surface roughening step.

The products of the present invention will have utility in
a wide variety of applications, non-limiting examples of
which include, solar cells, multi-junctioned or stacked solar
cells, integrated circuit applications, thin film transistors,
and thermophotovoltaic IR mirrors.

EXAMPLES

The following examples are provided merely to illustrate
embodiments of the present invention, and are not to limit
the scope of the claims of the present invention.

Example 1
Doping of Silicon

Oxidized p-type <100> crystalline silicon wafers and
Corning 7059 glass were used as substrates for a-Si:H film
deposition. Crystalline silicon substrates were first cleaned
in PIR solution and then oxidized using the wet oxidation
method. The grown oxide thickness was approximately 500
A. The glass substrates were degreased using TCE, acetone,
and methanol in an ultrasonic bath.

Phosphorous doped (n*) and intrinsic a-Si:H films were
deposited on the oxidized silicon and glass substrates using
a UHV plasma-enhanced-chemical-vapor-deposition
(PECVD) system. During deposition, the temperature, pres-
sure and power density were kept at 250° C., 500 mTorr and
50 mW/cm?, respectively. A phosphorous concentration of
1% (phosphine to silane volume ratio of 1%) was used for
all n type films. After deposition, the samples were allowed
to cool down to room temperature in vacuum. The chamber
was then filled with dry nitrogen and the samples were
immediately transferred to a thermal evaporation system
where an Al film of approximately 6500 A was deposited at
room temperature.

For the n type a-Si:H samples on oxidized silicon
substrate, conventional photolithography technique was
used to define Al TLM pads. Two types of samples were
prepared. Some of the samples were annealed before defin-
ing the Al pads. They are referred to as “annealed before
patterning” (ABP) samples. The other set was annealed at
different temperatures after defining the Al pads. They are
referred to as “annealed after patterning” (AAP) samples.
Thus, the ABP samples will have interacted a-Si:H film
underneath as well as in between the Al contact pads,
whereas the AAP samples will have interacted a-Si:H film
only underneath the Al pad. A conceptual sketch of the AAP
and ABP samples at different stages of the interactions is
shown in FIGS. 1A—C and FIGS. 1D-F, respectively. The
TLM pad lengths used were 100 and 200 ym with a width
of 500 um. Distance between two pads varied from 5 to 70
um. These samples were used for contact resistivity and
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sheet resistance measurements. Films deposited on Corning
glass substrates were used for Raman, XRD, and Hall
measurements. Hall measurement, XPS measurements and
Raman measurement were done on the interacted a-Si:H
surface after removing the Al film. Whereas X-ray diffrac-
tion analysis was done both before and after removing the Al
film. The Al film was removed by a standard etching solution
(85 parts phosphoric acid, 5 parts nitric acid, 5 parts acetic
acid, and 5 parts DI water at 50° C.)

XPS spectra of the films were obtained using a Kratos
Analytical system model AXIS HSi. Monochromatized
AlKa radiation (E=1486.6 V) was used as the X-ray source
operating at 15 KV and 30 mA. At first survey spectra were
taken over a 1 mm diameter analysis area. Higher energy
resolution (pass energy=20 eV) Si,, spectra were obtained
using a 120 ym analysis area. The O, peak positions were
aligned to take care of the charge shift for different samples
and thus the true Si,, elemental peak position was found for
different quality samples.

An HP 4145A semiconductor parameter analyzer was
used to measure the resistance between TLM pads. A
Renishaw micro Raman system model Raman System 2000
using a He—Ne 632.8 nm laser operating at 1 mw power
was used for obtaining the Raman spectra. The spot size was
2 um diameter. A Hitachi model S-2300 Scanning Electron
Microscope (SEM) was used to analyze the surface mor-
phology. A Bio-rad HL 5500 Hall effect measurement sys-
tem was used for Hall mobility and carrier concentration
measurement. Al interacted and crystallized a-Si:H films
(both phosphorous doped and intrinsic) on glass substrates
were used. Indium contacts were made at the four corners of
approximately 1 cm® size samples. The measurements were
done at room temperature and the magnetic field used was
0.32 Tesla, strong enough to have a stable Hall voltage.

A Phillips model X’pert System using a PW 3710 dif-
fractometer control unit was used for XRD measurement.
Cu Ko X-radiation was used as the X-ray source operating
at 45 KV and 40 mA. X-ray diffraction spectra were taken
both under regular 626 and thin film optics configuration
(glancing angle parallel beam geometry). Under the thin film
optics configuration, a 26 scan was done with a very shallow
fixed 6 setting of 2.5°. A Xenon filled proportional counter
detector was used for data collection in both configurations.
Electrical Characterization:

FIGS. 2A and 2B show the change in sheet resistance and
contact resistivity for the ABP samples, respectively, as a
function of anneal temperature. It is seen that beyond a
certain temperature both the sheet resistance and the contact
resistivity decrease by several orders of magnitude. This
sudden change in sheet resistance and contact resistivity
strongly suggests the formation of a continuous polycrys-
tallized interacted layer. Considering that the whole thick-
ness of the a-Si:H became crystallized, the resistivity of the
films were calculated to be in the range of 0.08 to 0.13
€-cm.

High magnification SEM micrographs were taken to show
the interacted film surface for the 1300 % thick samples
prepared at three different temperatures. For the 200° C.
annealed sample, a smooth continuous defect free surface is
obvious. For the 250° C. annealed film, small cracks and
voids are observed at some places. For the 300° C. annealed
film, bigger cracks and voids are observed and the film
shows island like structures connected by narrow pathways
all over the sample. These voids and cracks explain well the
observed increase in sheet resistivity for the 300° C. pro-
cessed thin (130A) film. For the 300A thick film, however,
the 300° C. processed sample showed no such island for-
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mation. Also, the sheet resistance is minimum at the highest
annealing temperature. Thus, a suitable anneal temperature
needs to be chosen for a particular film thicknesses.

FIGS. 4A and 4B show the change in sheet resistance and
contact resistivity of the AAP samples, as a function of
anneal temperature, respectively. Both the sheet resistance
and contact resistivity are seen to have a minimum value at
around 200° C. and then an increase with increasing anneal
temperature.

Hall Measurement Results

Electrical transport properties of the interacted films were
analyzed by Hall measurement to determine the type, doping
density and mobility. Measurements were done on both n
type and intrinsic a-Si:H films interacted with Al. All the
interacted crystallized films showed p type conduction. The
mobility , carrier concentration and resistivity values for
300° C. annealed intrinsic sample were 1.4 cm®/V-sec,
5x10* cm™ and 0.09 Q-cm, respectively. For the 300° C.
annealed counterdoped sample (sample that used n-type
a-Si:H as the starting material) these values were 0.65
cm?/V-sec, 4.69x10'° cm™ and 0.21 Q-cm, respectively. It
is noticable that the resistivity values for the doped and
counter doped crystallized samples are in the same range.
The film resistivity values obtained during Hall measure-
ment were in the range of 0.08-0.21 ©-cm which is con-
sistant with the values obtained by the TLM technique as
discussed in the electrical characterization section
(0.08-0.13 Q-cm). For the obtained carrier concentrations,
the resistivity values should be in this range according to the
published data for p-type polycrystalline silicon.

Raman Spectroscopy:

Micro Raman spectroscopy was used to determine the
crystallinity of the interacted region. FIG. 5 shows the micro
Raman spectra for the interacted a-Si:H films on glass
substrates annealed at different temperatures. The spectra for
200 and 300° C. interacted films are relatively smooth due
to the fact that the intensity scale for these two spectra are
an order of magnitude higher than those for the other three
spectra. To confirm the crystallization for the AAP and ABP
samples, Raman spectra were taken on the interacted region
for these samples after removing the Al pad.

X-ray Diffraction:

FIGS. 6A and 6B show X-ray diffraction spectra taken for
the 180, 200 and 300° C. annealed samples using the thin
film optics configuration. No crystalline silicon peaks were
observed for annealing below 200° C. For annealing at and
above 200° C., all ten crystalline silicon peaks were
observed which indicates the formation of a good polycrys-
talline film (without any preferred orientation).

XPS Analysis Results:

XPS has been used as an efficient tool for investigation of
a-Si:H/Al interaction. FIG. 7 is an XPS spectra showing Si,,,
binding energies of different silicon based samples. FIGS.
8A and 8B shows the conceptional band structures of n-type
a-Si:H with (a) n-type and (b) p-type c-Si. FIG. 9 shows the
valence band spectrum of uninteracted and 300° C. annealed
interacted n®® a-Si:H film, with the Fermi edge shown in the
inset.

Example 2

Solar Cells
Solar Cell Fabrication Procedure:
1. Clean the single/multi-crystalline silicon substrate by a
standard cleaning procedure.
2. Do a 20:1 HF dip for 15 seconds to remove any native
oxide and to passivate the silicon surface that will help
reduce interface state density.
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3. Deposit a layer of amorphous silicon film a 250° C. using
a plasma-enhanced chemical vapor deposition (PECVD)
technique.
4. Immediately afterwards, deposit an appropriate metal film
the amorphous silicon film. For example, aluminum metal
if the silicon substrate selected to be n-type to make p-n
type structure. If metal deposition is not possible imme-
diately after, do a n HF dip to remove native oxide and
contaminants from the surface before doing the metalli-
zation.
5. Anneal the composite structure in an oven in flowing
nitrogen for 30 minutes at 250° C.
6. Etch the metal film in a grid pattern on the top to have
contacts as well as windows for light.
7. Do back side metallization.
The dark and light I-V characteristics of the solar cells
were obtained using a Keithley model 236 source measure
unit. Characterization under light was performed using an
Oriel solar simulator to simulate AM 1.5 sunlight.
Solar Cell Results:
FIG. 3 shows the dark and light I-V characteristics of one
of the fabricated solar cells. A Voc valve 0.48 volts were
obtained for the solar cell fabricated using a 1x10*° cm™
doped n-type silicon substrate (Al was used to create a
p-type layer on the top).
While the present invention is illustrated mainly by ref-
erence to silicon, it will be understood that the techniques
apply equally well for other semiconductors suitable for use
in the present invention. Non-limiting examples of other
semiconductors include germanium, silicon-germanium
alloys, germanium-carbon alloys, silicon-carbon alloys, and
silicon-nitrogen alloys.
While the illustrative embodiments of the invention have
been described with particularity, it will be understood that
various other modifications will be apparent to and can be
readily made by those skilled in the art without departing
from the spirit and scope of the invention. Accordingly, it is
not intended that the scope of the claims appended hereto be
limited to the examples and descriptions set forth herein but
rather that the claims be construed as encompassing all the
features of patentable novelty which reside in the present
invention, including all features which would be treated as
equivalents thereof by those skilled in the art to which this
invention pertains.
We claim:
1. In a process for manufacturing a semiconductor device,
the improvement of forming a doped crystalline semicon-
ductor on a substrate by a method of comprising:
(a) depositing a semiconductor onto the substrate to form
a semiconductor layer having an amorphous region;

(b) depositing a layer of doping metal onto the amorphous
region of the semiconductor layer to form a structure
comprising the substrate, semiconductor layer and dop-
ing metal layer; and

(c) annealing the structure at a temperature in the range of

about 170° C. to about 600° C. to convert at least a
portion of the amorphous region into a crystalline
semiconductor doped with the doping metal, wherein
the doping metal promotes the conversion of the at least
a portion of the amorphous region into the crystalline
semiconductor.

2. The process of claim 1 wherein the semiconductor
comprises at least one of silicon, germanium, silicon-
germanium alloys, germanium-carbon alloys, silicon-carbon
alloys, and silicon-nitrogen alloys.

3. The process of claim 1 wherein the semiconductor
comprises at least one of silicon, germanium and silicon-
germanium alloys, and wherein the metal comprises alumi-
num.
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4. The process of claim 1 wherein the semiconductor
comprises silicon, and wherein the metal comprises alumi-
num.

5. In a process for manufacturing a semiconductor device,
the improvement of forming a doped crystalline semicon-
ductor on a substrate, wherein the substrate has a semicon-
ductor layer thereon having an amorphous region, and a
doping metal layer on the amorphous region, and wherein
said forming comprises:

(2) annealing the substrate, semiconductor layer and dop-
ing metal layer at a temperature in the range of about
170° C. to about 600° C. to convert at least a portion of
the amorphous region into a crystalline semiconductor
doped with the doping metal, wherein the doping metal
promotes the conversion of the at least a portion of the
amorphous region into the crystalline semiconductor.

6. The process of claim § wherein the semiconductor
comprises at least one of silicon, germanium, silicon-
germanium alloys, germanium-carbon alloys, silicon-carbon
alloys, and silicon-nitrogen alloys.

7. The process of claim 5 wherein the semiconductor
comprises at least one of silicon, germanium and silicon-
germanium alloys, and wherein the metal comprises alumi-
num.

8. The process of claim 5 wherein the semiconductor
comprises silicon, and wherein the metal comprises alumi-
num.

9. In a process for manufacturing a semiconductor device,
the improvement of forming a doped crystalline semicon-
ductor on a substrate by a method comprising:

(a) depositing a semiconductor onto the substrate to form
a semiconductor layer having an amorphous region;

(b) depositing a layer of doping metal onto the semicon-
ductor layer to form a structure comprising the
substrate, semiconductor layer and doping metal layer;
and

(c) annealing the structure at a temperature in the range of
about 200° C. to about 450° C. to convert at least a
portion of the amorphous region into a crystalline
semiconductor doped with the doping metal, wherein
the doping metal promotes the conversion of the at least
a portion of the amorphous region into the crystalline
semiconductor.

10. The process of claim 9 wherein the semiconductor
comprises at least one of silicon, germanium, silicon-
germanium alloys, germanium-carbon alloys, silicon-carbon
alloys, and silicon-nitrogen alloys.

11. The process of claim 9 wherein the semiconductor
comprises at least one of silicon, germanium and silicon-
germanium alloys, and wherein the metal comprises alumi-
num.

12. The process of claim 9 wherein the semiconductor
comprises silicon, and wherein the metal comprises alumi-
num.

13. The process of claim 1 wherein the annealing is at a
temperature in the range of about 200° C. to about 300° C.

14. The process of claim 5 wherein the annealing is at a
temperature in the range of about 200° C. to about 300° C.

15. The process of claim 1 wherein the annealing is
conducted for an annealing time in the range of about 1
second to about 24 hours.
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16. The process of claim 5 wherein the annealing is
conducted for an annealing time in the range of about 1
second to about 24 hours.

17. The process of claim 9 wherein the annealing is
conducted for an annealing time in the range of about 1
second to about 24 hours.

18. The process of claim 1 wherein the annealing is
conducted for an annealing time in the range of about 30
seconds to about 1 hour.

19. The process of claim 5 wherein the annealing is
conducted for an annealing time in the range of about 30
seconds to about 1 hour.

20. The process of claim 9 wherein the annealing is
conducted for an annealing time in the range of about 30
seconds to about 1 hour.

21. The process of claim 1 wherein the annealing is
conducted for an annealing time in the range of about 1
minute to about 30 minutes.

22. The process of claim 5 wherein the annealing is
conducted for an annealing time in the range of about 1
minute to about 30 minutes.

23. The process of claim 9 wherein the annealing is
conducted for an annealing time in the range of about 1
minute to about 30 minutes.

24. The process of claim 1 wherein a first portion of the
metal functions as a dopant for the crystalline
semiconductor, and a second portion of the metal forms an
electrical contact with the crystalline semiconductor.

25. The process of claim 5 wherein a first portion of the
metal functions as a dopant for the crystalline
semiconductor, and a second portion of the metal forms an
electrical contact with the crystalline semiconductor.

26. The process of claim 9 wherein a first portion of the
metal functions as a dopant for the crystalline
semiconductor, and a second portion of the metal forms an
electrical contact with the crystalline semiconductor.

27. The process of claim 1 wherein the semiconductor
device is a solar cell.

28. The process of claim 1 wherein the
device is an integrated circuit.

29. The process of claim 1 wherein the
device is a thin film transistor.

30. The process of claim 1 wherein the
device is a thermophotovoltaic IR mirror.

31. The process of claim § wherein the
device is a solar cell.

32. The process of claim § wherein the
device is an integrated circuit.

33. The process of claim § wherein the
device is a thin film transistor.

34. The process of claim § wherein the
device is a thermophotovoltaic IR mirror.

35. The process of claim 9 wherein the
device is a solar cell.

36. The process of claim 9 wherein the
device is an integrated circuit.

37. The process of claim 9 wherein the
device is a thin film transistor.

38. The process of claim 9 wherein the
device is a thermophotovoltaic IR mirror.

semiconductor

semiconductor

semiconductor

semiconductor

semiconductor

semiconductor

semiconductor

semiconductor

semiconductor

semiconductor

semiconductor



