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tion methods. For example, substrates include ceramics,
glasses, polymers, plastics and paper based materials. In an
embodiment according to the teachings herein, the substrate
is a plastic or metal substrate on which a plurality of
energy-storage devices is deposited. The substrate is then
divided into separate dies having at least one energy-storage
device thereon. The dies then can be worked, e.g., cold
worked, into a desired shape as dictated by the energy-
storage device application.

[0174] In another embodiment, the substrate is made of a
flexible material, e.g., substrate 709. The flexible substrate is
formed into an elongate roll that is caused to pass over a
curved object, which forces the material into intimate con-
tact with the surface of the curved object. The curved object
is a thermally controlled device (e.g., device 725 as shown
in FIG. 7) to control the temperature of the substrate and
balance the effect of heat generated on the substrate and
films thereon during deposition. For example, the object is
hollow and sealed from the environment of the deposition
vessel. In some embodiments, the hollow space is filled with
a coolant, e.g., cryogenic gas such as gas obtained from LN
or liquid helium, with the coolant being constantly replen-
ished. An area of intimate contact between the substrate and
object is coincident and opposite the location of material
impingement on the substrate from the deposition source. In
another embodiment, the coolant is chilled water that is
constantly being replenished. In another embodiment, the
curved object is thermally controlled by an electro-thermal
cooling apparatus. In another embodiment, the curved object
is a drum, which is either stationary or rotatable about its
axis in the direction of substrate movement.

[0175] In another embodiment, the substrate 55 or 309 is
formed of a strip of rigid material. The rigid substrate is
made to pass over a cooled, thermally controlled surface.
Examples of the cooled surface are described herein. One
such example is a cooled surface that is cooled by the release
of cryogenic fluid such as liquid N, or liquid helium into
passages within the body of object having the surface but
sealed from the environment of the deposition chamber.
Other coolant sources include chilled water, cryogenic gas,
and electro-thermal devices.

[0176] FIG. 8 shows a photovoltaic cell 800, e.g., solar
cell, that includes a transparent electrode 810. Transparent
electrode 810 includes a transparent supporting film 820 and
a transparent, electrically conductive film 830 formed on
film 820. Examples of supporting film 820 include glass and
transparent plastics. In some embodiments, conductive film
830 includes indium tin oxide or tin oxide. In use, light 890,
enters solar cell 800 through the transparent electrode 810.
In some uses of embodiments, light 890 is solar light. A first
semiconductor film 840 is positioned in contact with the
transparent electrode 810. A second semiconductor film 860
is positioned in contact with the first semiconductor film
840, thereby, forming a semiconductor junction 850. In
some embodiments, second semiconductor film 860
includes a bulk, highly doped region 862 and a high quality
region 863 adjacent the first semiconductor film 840. In this
embodiment, the junction is formed by the first semicon-
ductor film 840 and region 863. An electrical contact film
870 contacts the second semiconductor film 860. First and
second conductive leads 880 respectively contact the trans-
parent, electrically conductive film 830 and the electrical
contact film 870 to carry power away from the cell.
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[0177] In some embodiments, the materials and composi-
tions of photovoltaic cell 800 are conventional CdS/CdTe
materials such as is described in U.S. Pat. No. 4,207,119,
which is incorporated by reference; with the additional
processing according to the present invention to anneal or
treat the surface (e.g., by ion-assist beam) of the films as they
are deposited using. In other embodiments, the compositions
used are as described in the following publications, each of
which is incorporated by reference: R. W. Birkmire et al,
“Polycrystalline Thin Film Solar Cells: Present Status and
Future Potential,” Annu. Rev. Mater. Sci. 1997.27:625-653
(1997); T. L. Chu et al, “13.4% Efficient thin-film CdS/CdTe
Solar Cells,” J. Appl. Phys. 70 (12) (Dec. 15, 1991); T.
Yoshida, “Photovoltaic Properties of Screen-Printed CdTe/
CdS Solar Cells on Indium-Tin-Oxide Coated Glass Sub-
strates,” J. Electrochem. Soc., Vol. 142, No. 9, (September
1995); T. Aramoto et al., “16% Efficient Thin-Film CdS/
CdTe Solar Cells,” Jpn. J. Appl. Phys. Vol. 36 pp 6304-6305
(October 1997); R. B. King, ed. “Encyclopedia of Inorganic
Chemistry” Vol 3., pp 1556-1602, John Wiley & Sons Ltd.,
(1994).

[0178] The brief description of the operation of a hetero-
junction, photovoltaic solar cell that follows is to illustrate
how the methodology of the present invention is applied to
the fabrication of heterojunction, photovoltaic solar cells. It
is believed that the present invention provides means and
methods for fabricating photovoltaic cells having superior
efficiency.

[0179] In a heterojunction photovoltaic cell, the semicon-
ductor films are formed of different materials. For a recti-
fying junction, the semiconductor films must also be of
different type, that is p or n type. The junction between the
two semiconductor films is both a pn junction and a hetero-
junction. The first semiconductor film on which solar light is
incident has a band gap higher than that of the second
semiconductor film. The band gap of a semiconductor is the
energy separation between the semiconductor valance band
and the conduction band. The band gap of this first semi-
conductor film is chosen so that it corresponds to light in the
short wavelength region of the solar spectrum. Photons of
light having energy equal to or greater than the band gap of
the first semiconductor film are strongly absorbed, but
photons of light of energy less than the band gap of the first
semiconductor pass through the first semiconductor and
enter the second semiconductor film. Examples of materials
used for the first semiconductor film include CdS, ZnS,
CdZnS, CdO, ZnO, CdZnO, or other wide band gap semi-
conductors like SiC, GaN, InGaN, and AlGaN. The second
semiconductor film is chosen from materials that have band
gaps that correspond well to the long wavelength onset of
solar radiation. Materials such as CdTe, CulnSe 2, InP,
GaAs, InGaAs, InGaP, and Si are examples of materials for
the second semiconductor film.

[0180] A “built in” electric field exists at the junction
between the two semiconductor films due to the migration of
majority carriers from one semiconductor type into the
other. That is, electrons from the n-type semiconductor
migrate into the p-type semiconductor leaving a net positive
charge on the n-semiconductor side of the junction. The
converse happens to the p-type semiconductor. Holes from
the p-type semiconductor migrate into n-type semiconductor
leaving a net negative charge on the p-semiconductor side of
the junction. Absorption of a photon in one of the semicon-



