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[57] ABSTRACT

A solar cell including a pulse annealed layer of crystal-
line, amorphous or polycrystalline semiconductor mate-
rial of one conductivity type and either a layer of oppo-
site conductivity type or a liquid electrolyte forming a
collector junction therewith. A method of improving
the characteristics of a solar cell including at least one
layer of crystalline, amorphous or polycrystalline semi-
conductor material which includes the step of pulse
annealing said semiconductor material.

3 Claims, 7 Drawing Figures




U.S. Patent  Sep. 3, 1985 Sheet 1 of 2 4,539,431

1

”ﬁ)ﬁ”’ v ,? LAMP POWER

TEMP. MONITOR

EO
IIMIB \/ ‘ANNEALEﬁ

CONTROLLER

F /1G_—_/

==

FIG_2

26 ‘
24§ % é 27

FIG_.3




U.S. Patent  Sep. 3, 1985 Sheet2 of2 4,539,431

TLLUMINATION
19' - DOPED LAYER (p) |
18'— / ___ UNDOPED OR LIGHTLY DOPED LAYER

17 | _—~DOPED LAYER {n)

19— ~—~— DOPED LAYER (p)

18— | UNDOPED OR LIGHTLY DOPED LAYER

17— / ~— DOPED LAYER (n)

!6/I / |~ CONDUCTIVE SUBSTRATE

FIG_4

1— TRANSPARENT COVER

37 \ N \ N

36— 22— 22— THIN CONDUCTIVE OXIDE
41— —— I~ ELECTROLYTE SOLUTION

33— L UNDOPED OR LIGHTLY DOPED LAYER
32— —— DOPED LAYER

3] / |~ SUBSTRATE

42 —— DOPED LAYER

4] — —— UNDOPED OR LIGHTLY DOPED LAYER

43— / / ™~ CONDUCTOR
FIG_6

47 — [ - | — TRANSPARENT SUBSTRATE
46 — — DOPED LAYER N
48 — |_— UNDOPED OR LIGHTLY DOPED LAYER
49— / ——DOPED LAYER

5| "] [ ™— CONDUCTIVE CONTACT

FIG_7




4,539,431

1
PULSE ANNEAL METHOD FOR SOLAR CELL

This invention relates generally to solar cells made of
semiconductor material and more particularly to an
annealing process for such solar cells.

In the production of semiconductor solar cells it is
often advantageous or essential to include an annealing
step. This annealing step typically involves the insertion
of the semiconductor material into a furnace, main-
tained at an elevated temperature, for a period of time.
It is believed that this serves to activate impurities and
dopants in the semiconductor to modify their electronic
properties; to cause the dopants to diffuse or migrate in
the material in a controlled manner; to produce grain
-growth or coalescence of the semiconductor material;
or to heal defects in the semiconductor lattice.

However, certain undesirable effects may accompany
the intended consequences of the annealing. As the
dopants are activated, they may redistribute such that
they subsequently degrade the solar cell performance.
Impurities or contaminants may diffuse into the active
region of the solar cell and impair its performance.

In addition to producing deleterious effects, long
annealing times may render impossible the fabrication
of certain classes of solar cell structures, such as an-
nealed multilayer thin film devices. Such devices are so
thin {on the order of microns), that just the time re-
quired for them to reach thermal equilibrium in a fur-
nace anneal can result in sufficient dopant redistribution
to destroy the junctions (rectifying properties).

It is the object of the present invention to provide an
improved method for annealing a solar cell.

It is another object of the invention to provide a pulse
annealing method for the fabrication of solar cells.

These and other objects are achieved by a solar cell
which includes one or more layers of crystalline, poly-
crystalline or amorphous semiconductor material and a
method of making the solar cell.

FIG. 1 is a schematic view of pulse annealing appara-
tus suitable for practicing the present invention;

FIG. 2 is a perspective view of a solar cell comprised
of three semiconductor layers processed in accordance
with the present invention;

FIG. 3 is a perspective view of a three layer solar cell
in which the center layer is crystalline and processed in
accordance with the present invention;

FIG. 4 is a section view of a tandem solar cell com-
prised of six semiconductor layers processed in accor-
dance with the present invention;

FIG. § is a sectional view of a liquid junction solar
cell with the semiconductor material processed in ac-
cordance with the present invention;

FIG. 6 is a sectional view of a solar cell in which a
conductor forms one of the junctions; and

FIG. 7 is a sectional view of a solar cell in which only
one semiconductor layer is annealed in accordance with
the present invention.

A suitable pulse annealer is shown in FIG. 1 and
consists of radiant heating sources 11 (high intensity
lamps) which are pulsed (turned on) to temperatures
which are substantially hotter than that which the semi-
conductor material 12 is to be annealed atains. Reflec-
tors 13 reflect and concentrate the radiant heat energy
onto the semiconductor 12. For example, the lamp fila-
ments may be resistively heated to 3000° C. to bring the
semiconductor material 12 up to a temperature of to
1000° C. The high temperature of the heating sources
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causes the semiconductor material 12 to reach its de-
sired temperature rapidly, so that the entire anneal is
completed in a time on the order of a few seconds.

The annealer controller 14 may be set up such that
the power supplied to the lamps is a function of the
measured temperature of the semiconductor 12, or al-
ternately, a calibrated dummy may be used as the tem-
perature control. This can be achieved by a feedback
circuit which controls the intensity, or simply by a
timed heat pulse of constant intensity. The radiation
may fall on both sides of the semicondutor, as shown, or
it may be applied to one side of a2 semiconductor wafer
supported on a carrier.

FIG. 2 illustrates a solar cell of basic configuration.
The cell consists of a conductive substrate 16 and se-
quentially deposited layers of amorphous or polycrys-
talline semiconductor material forming a collector junc-
tion for collecting carriers formed in the device by the
impinging solar energy. The first layer 17 may be doped
n-type (or p-type), the second layer 18 is intrinsic or
lightly doped and the third layer 19 may be doped p-
type (or n-type). The successive layers may be formed
as described in U.S. Pat. No. 4,270,018. The structure is
then inserted into the pulse annealer and heater for a
short period of time. For example the annealer may be
operated with the structure inserted so that the temper-
ature of the semiconductor layers reaches about 800° C.
for 15 seconds. A conductive comb-like contact struc-
ture 21 is formed on the upper layer 19 after the anneal.

As described in said patent the semiconductor mate-
rial of the three layers may be amorphous or polycrys-
talline. The pulse anneal (i} causes grain growth and
coalescence which improve the electronic transport
properties of the material, (ii) activates the dopants in
the outer layer which increases their conductivity, and
(iii) depending on the semiconductor material, increase
the optical transmittance of the doped layers. This per-
mits a larger proportion (than before the anneal) of the
illumination which is incident upon the cell to penetrate
into the active inner layer 18 of the cell.

The pulse anneal accomplishes these purposes with-
out the deleterious effects of a slow anneal described
earlier. Additionally, the pulse anneal allows use of the
metal or metal-coated substrate. In the normal anneal
process the metal would alloy with the semiconductor
during a slow anneal, consuming an excessive quantity
of the semiconductor and/or metal film.

As an example, the structure may be realized on a
nickel-coated ceramic substrate as follows: a layer of
n-type amorphous silicon is deposited from the plasma
decomposition of SiHs with 0.3% PH3 added as a dop-
ant; this step is followed immediately by the deposition
of an intrinsic layer from pure SiHg4, which is then fol-
lowed immediately with the deposition of a p-type layer
from SiH4 with 0.39% BaHg. The structure is then pulse
annealed by raising the temperature of the device to
800° C. for 15 seconds.

In one example, pulse annealing of a 0.35 micron
thick p-type layer of amorphous silicon at 800° C. for
fifteen seconds decreased the sheet resistance from well
over 106 ohms/sq to 120 ohms/sq. The optical transmit-
tance was increased as was evidenced by a decreased in
the absorption coefficient for light at a wavelength of
0.6 microns from 5X 104 cm—! to 5% 103 cm—1

FIG. 3 illustrates a cell which is similar to that of
FIG. 2 except that the center layer 24 is crystalline. This
layer can be sufficiently rigid to make the use of a sup-
porting substrate unnecessary. The doped outer layers
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26, 27 may be formed by several means: (i) by implant-
ing dopants and then puise annealing the structure, (ii)
by the deposition of a dopant onto the semiconductor
surfaces (pre-dep) which is then diffused by pulse an-
nealing to form a very shallow doped region, or (iii) by
the deposition of a doped semiconductor onto the sur-
face which may then be pulse annealed to improve its
electronic and optical properties. As opposed to diffu-
sion or implant and slow anneal, all three of these meth-
ods produce doped layers 26, 27 which are very thin
and desirable for solar cells.

Heavily doped layers are generally inferior to un-
doped or lightly doped semiconductors in their minor-
ity carrier transport properties. The electron-hole pairs
created from photons which are absorbed in a heavily
doped layer have a reduced probability of being col-
lected before they recombine. It is therefore desirable to
keep the doped layer as thin as possible on the illumi-
nated surface of a solar cell, so as little light is absorbed
in it as possible. This can be accomplished in a pulse
anneal process.

Referring again to FIG. 3 and assuming a p-type solar
cell, the lower doped layer 27 may be formed by the
deposition and anneal of a thin film of aluminum. When
heated to 600° C., aluminum alloys with the silicon and
dopes it heavily p-type. However, when it is alloyed
above 600° C. for long periods of time, the aluminum
can diffuse rapidly throughout the silicon and degrade
the carrier lifetime, and can also spike through the sili-
con, decreasing the device’s reverse breakdown volt-
age. To avoid this, the layer 27 of FIG. 3 may be fabri-
cated by the deposition of 500 A of aluminum onto a
p-type silicon wafer followed by a one minute pulse
anneal at 800° C. The top layer 26 may be formed by
other means.

Referring to FIG. 4, the structure of FIG. 2 is re-
peated one or more times to produce a tandem solar
cell. The illumination which is not absorbed in the
upper cell penetrates into the lower cell where it is
absorbed. The cells are connected in series and are
designed to have a thickness such that each cell pro-
duces the same current. The semiconductor in each cell
may be of the same typc or of different types. The layers
are deposited sequentially and then pulse annealed.
Alternatively, a pulse anneal may be used after the
deposition of some of the layers and before the deposi-
tion of the remaining ones.

As an example, after the process described in refer-
ence to FIG. 2 is carried out, an amorphous silicon n-i-p
structure is deposited. The resulting cell, as depicted in
FIG. 4, consists of an amorphous silicon solar cell over
a polycrystalline solar cell. The amorphous cell makes
most efficient use of the short wavelength region of the
solar spectrum and passes the longer wavelengths to the
polycrystalline cell beneath. The output voltage of the
cell is the sum of the voltages of the two cells.

Referring once again to FIG. 2, the inner layer may
be treated such that it does not crystallize during the
pulse anneal, and thus maintains the excellent light ab-
sorbing properties of an amorphous layer. As an exam-
ple, amorphous silicon films containing carbom atoms
and deposited by the plasma decomposition of SiHs
with the addition of 109% CHjdo not crystallize after an
anneal at temperatures which crystallize the films from
pure SiHj.
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A pulse anneal-processed liquid junction solar cell is
shown in FIG. 5. The upper doped semiconductor layer
of the solid junction cells described above has been
replaced by an electrolyte solution which sets up the
depletion layer and an electric field in the undoped
layer to collect the carriers which are photoproduced.

The liquid junction solar cell includes a substrate 31
which supports a doped semiconductor layer 32. An
undoped solar energy absorbing region 33 overlies the
layer 32. An electrolyte solution 34 forms a junction
with the undoped layer 33. A conductive film 36 on the
bottom side of transparent cover 37 makes ohmic
contact to the liquid electrolyte 34. The cell is fabri-
cated by producing the undoped and doped layers 33,
32 by the processes described earlier and employing a
pulse anneal step. The electrolyte solution is then intro-
duced and the cover is then applied.

Referring to FIG. 6, undoped and doped layers 41, 42
are deposited onto a conducting substrate 43, which
serves as the second pole of the solar cell. The structure
is then pulse annealed in accordance with the invention.
The conductor 43 may be a metal, in which case illumi-
nation will enter through the upper doped layer 42.
Alternatively the conductor 43 may be a thin conduct-
ing oxide through which the light may enter into the
active region of the cell.

A solar cell in which only one layer is pulse annealed
is shown in FIG. 7. A doped semiconductor layer 46 is
deposited onto a transparent substrate 47 and is then
pulse annealed. The remaining layers are subsequently
deposited. The layers comprise an undoped absorbing
layer 48, doped layers 49 and conductive contact 51.

Although the formation of solar cells including amor-
phous or polycrystalline layers has been emphasized, it
will be clear to one skilled in-the art that the same pro-
cess can be employed for crystalline semiconductor
materials. For example, solar cells of high efficiency
have been formed by implanting boron on one side of
and phosphorous on the other side of a lightly doped
n-type wafer and pulse annealing at 800° C. for 8 sec-
onds.

Thus, it is seen that there has been provided a solar
cell which includes one or more semiconductor layers
which are puise annealed. The pulse anneal aids in grain
growth and dopant activation without redistribution of
the dopant and impurity diffusion associated with slow
anneals.

What is claimed:

1. The method of making a solar cell which comprises
the steps of depositing on a substrate
a first layer of n-type amorphous silicon, followed by a

second layer of amorphous silicon containing carbon

atoms, followed by a third layer p-type amorphous
silicon, and

annealing the entire structure by rapidly heating with
radiant thermal energy for a short period of time, said
carbon atoms minimizing crystallization of said sec-
ond layer and maintaining high light absorption.

2. The method of claim 1 in which the first layer is
formed by plasma decomposition of SiHq with 0.3%
PH3, the second layer by plasma decomposition of SiH4
with 109% CHa and the third layer by plasma decompo-
sition of SiH4 and 0.3% B;Ha.

3. A solar cell formed by the method of claim 2.
* & x® * *
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