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157] ABSTRACT

A cadmium telluride photovoltaic cell 1s produced with
increased conversion efficiency arising from enhanced
open-circuit voltage. Such voltage is achieved by alter-
ing the surface of the crystailine cadmium telluride that
contacts the barrier metal by heating the cadmium tellu-
ride in the presence of oxygen prior to depositing the
barrier metal.

10 Claims, 1 Drawing Figure
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CdTe BARRIER TYPE PHOTOVOLTAILIC CELLS

WITH ENHANCED OPEN-CIRCUIT VOLTAGE,
AND PROCESS OF MANUFACTURE

Matter enclosed in heavy brackets [ } appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made

by reissue,

This application is a continuation application of UJS.
reissue application S.N. 885,030, filed on Mar. 9, 1978,
now abandoned, as a reissue for U.S. Pat. No. 4,035,197,
issued on July 12, 1977, on U.S. Application S.N. 671,866,
filed on Mar. 30, 1976.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates 1o barrier type photovoliaic
cells useful for converting light and particularly sclar
energy into electrical energy.

2. State of the Prior Art

So-called Schottky barrier photoceils rely upon the
“act that certain metals, i.e., those having an appropriate
work function, form a rectifying contact when appro-
sriately contacted with a suitable semiconductor mate-
~ial. Electron-hole pairs generated by the absorption of
i1ght in the semiconductor are separated due to the field
at the metal-semiconductor junction, establishing an
electrical potential. In common with most of the early
nhotocells, however, such cells had low conversion
efficiencies due to the rather low open-circuil voltages
that were produced. It is well-known that the conver-
sion efficiency is a direct mathematical function of the
open-circult voliage.

Early attempts to manufacture barrier-type photovol-
;aic cells included devices formed by vacuum deposit-
ing metal onto cadmium telluride. Cadmium tellunde
has long been known to be an optimum material tor
photocells because its band gap is closest to that which
will accommodate the optimum amount of solar energy.
As explained in General Electric Technical Report
AFAPL-TR69-32, gold was one of the metals thor-
oughly studied. However, this initial work concluded
that preheating the cadmium telluride in oxygen pursu-
ant to the methods of the prior art gave no enhancement
nf the photocell properties.

More recent developments have raised a question
about the earlier conclusion that preheating the semi-
~onductor yields an ineffective enhancement, at least
with regard to gallium arsenide as the semiconductor
material. it was reported in Apphed Physics Letters,
YVol. 27, Jaly 1975, pages 95-G67, that the open-circuit
voltage of a gold-coated GaaAs cell was improved about
200 mV by heating the semiconductor in air up to 200°
C. for 4 to 70 hours prior to coating with gold. How-
cver, a subsequent paper by the same authors, entitled
“The AMUS Cell—An Improved Metal-Semiconduc-
tor Solar Cell,” presented at the Eleventh Photovoltaic
Snecialist Conference at Scottsdale, Ariz. on May 6-8,
1875, reported that the results were not reproducible no
matter what temperature or what length of time were
used, particularly when a different source of oxygen,
such as pure oxygen, was used. Instead, an additional
nndisclosed element was said to be required for maxi-
mum enhancement.

Although some success may have been achieved by
preheating (GaAs, the art has been discouraged trom
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attempting to preheat other semiconductor materials by
publications such as “lmproved Schottky Barrier Solar
Cells” published by the authors noted above at the
aforesaid Eleventh Photovoltaic Specialists Conter-
ence, page 391. It is well-known that the open-circuit
voltage (Vo) of a photovoltaic cell can be expressed as
the equation

where

n=the diode factor

k =the Boltzmann constant

T =the absolute temperature

q=the electronic charge

[; =the light-generated carrent

A*=the modified Richardson’s constant, and

¢ p=equilibrium barrier height.

It can be shown thai, for an untreated n-type GaAs cell
coated with gold, the predicted untreated value 1s about
500 mV, which compares favorably with actual expert-
mental values. However, it can also be shown, using
equation (1), that the calculated value for untreated
a-type CdTe coated with gold 1s only about 200 mV so
that, even if an increase of 200 mV as was achieved 1n
GaAs devices could be achieved for CdTe by preheat-
ing, the resultant 400 mV would not reach the untreated
value for GaAs.

Silicon barrier solar cells have been formed wherem
the silicon surface was oxidized prior to coating with
the barrier metal, either deliberately or by reason tfor
example of the heating step used to fuse the ohmic metal
contact to the opposite surface. Such devices resulted 1n
an enhanced Ve value, as 1s shown, for example, in J.
of Applied Physics, Vol. 46, No. 9, page 3952, Sept.
1975.

The general background of photovoltaic cells, and-
/or to the use of common features such as grid elec-
trodes, antireflection lavers, etc., 15 described in U.S.
Pat. Nos. 3,888,697 3,703,408, 3,769,558; and 3,811,954,
Articles pertaining to such general background nclude
“A New Look at CdTe Sclar Cells”, Bell and Wald,
Eleventh Photovoltaic Specialist Conference, supra at
page 497; and “Recent Research on Photovoltaic Solar
Energy Converters”, Loferski, 1963 Proceedings of the
IEEE, page 0667.

OBIECTS OF THE INVENTION

[t is an object of the invention to provide a photovol-
taic cell and process for making it wherein the open-
circuit voltage of a cadmium telluride barner-type cell
1s apprectably enhanced.

It 1s a related object of the tnvention to optiniize the
enhancement of the open-circuit voltage, and therefore
to increase the conversion effictency, of such photovol-
taic cells.

Other objects and advantages will become apparent
upon reference to the following Summary of the Inven-
tion and Description of the Preferred Embodiments,
when read in light of the attached drawing.

SUMMARY OF THE INVENTION

The invention concerns a novel barrier-type photo-
voltaic cell and method of making 1t. It was unexpect-
edly discovered that preheating cadmium teliunde in
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the presence of an oxygen containing atmosphere does
in fact enhance the open-circuit voltage. More specifi-
cally, there is provided a photovoltaic cell comprising a
layer of crystalline cadmium telluride, an exterior sur-
face portion of said layer having [ TeO; in the crystal-
line latticeY an oxide form of tellurium to a depth effec-
tive to produce an open-circuit voltage that 1s enhanced
over the open-circuit voltage that is produced [without
said TeO»; contiguous with said altered surface,] by a
photovoltaic cell identical in structure except for the layer
of cadmium telluride which has in the exterior surface
portion only the oxide forms of tellurium resulting from
exposing the surface portion to air at room temperature, a
layer of metal in contact with at least part of the exterior
surface portion, the layer being capable of forming a
barrier layer with said cadmium telluride altered sur-
face; and an electrode in ohmic contact with said cad-
mium telluride.
The preferred method of achieving this result com-
prises the steps of
a. forming a layer of crystalline cadmium tellurnde,
b. heating at least one surface of the layer in an oxy-
gen-containing atmosphere for between about 1
minute and about 20 minutes at a temperature be-
tween about 250° C. and about 500° C. to alter the
surface; and
c. applying a metal layer in contact with said one
surface, said metal being capable of forming a bar-
rier with the altered cadmium telluride,
whereby a cell is produced having an open-circuit volt-
age which is at least about 50 millivolts greater than a
similar cell processed without step (b) above.

BRIEF DESCRIPTION OF THE DRAWING

The FIGURE is a section view of a photovoltaic cell
prepared in accordance with the invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Although the invention is hereinafter described par-
ticularly with respect to solar cells as the preferred
embodiments, it is not limited thereto. Rather, it applies
to all barrier type photovoltaic cells using cadmium
telluride as the semiconductor material. As used herein,
“shotovoltaic cell” means a solid state device which
produces an electric current in response to light from
any source or at any wavelength. Thus the cell of this
invention is suitable as a terrestrial roof-top generator
or as a light-level measuring device. A cell made with
large surface areas by an economic method—such as
thin-film deposition or dispersion of microcrystals with
or without a binder—would be suitable for rooftop
generators. As a light-level measuring device, the cell
can be used both at high and low light levels. The cell
exhibits a moderately high open circuit voltage, even in
diffused room-light conditions. It is also found that the
open circuit voltage varies approximately linearly with
the logarithm of the light intensity in the range of about
100-0.01 mW/cm?. |

Alternatively, the cell can also be used in the current
mode. The current generated in the diffused room-light
condition is about 40 wA/cm?, a large enough current
to be measured accurately. The short circuit current
can thus become a measure of the light intensity, and the
calibrated cell can be used as an exposure meter and find
application in cameras. Coupled with a suitable load
resistor, the cell can be used to provide power which 1s

10

15

20

25

30

35

45

50

55

65

4

proportional to the light intensity, such power being
utilized to operate a meter.

As previously explained, considerable unpredicabil-
ity exists as to which of the methods of enhancing open-
circuit voltage (Voc) can be used for the various com-
monly used semiconductor materials. Included in such
common materials are Si, GaAs, CdTe, InP, and CdS.
This invention is based upon the discovery that the
Vocof a cell constructed from a specific semiconductor
material, CdTe, is in fact enhanced by preheating in an
oxygen-containing atmosphere prior to applying the
barrier metal, more than would be predicted from equa-
tion (1) above. Since the V¢ of the homolog of CdTe,
namely CdS, has been found to be unenhanced, the
successful enhancement of Vocfor CdTe is unexpected.

As used herein, “enhanced Vo’ i1s defined as an
improvement of at least about 50 milhvolts (mV). In
practice much larger enhancement, on the order of 200
to 300 mV, 1s common using the process of the inven-
tion.

The Voc of a CdTe cell is enhanced by altering the
state of the surface of the semiconductor material which
contacts the barrier metal. The effect is produced by
heating a surface of the semiconductor material in an
oxygen-containing atmosphere and s not limited by the
crystalline form of the CdTe. Although hereinafter the
discussion will be directed to polycrystalline CdTe, the
effect applies equally to single crystals however pro-
duced. It is contemplated that the effect can also be
achieved with thin film devices.

However, the enhancement effect is a function of the
manner in which the CdTe is heated in an oxygen-con-
taining atmosphere. The heat can be applied 1n the pres-
ence of oxygen by using an air furnace, or by using a
furnace having controlled atmospheres which can be
altered from non-oxidizing to oxidizing. As described
herein, when using an air furnace to heat a CdTe mate-
rial having a freshly prepared surface, prior to the heat-
ing step that material is at room temperature. Because of
the short heating time involved, it has not been practical
in such heating steps to raise the temperature of the
semiconductor material slowly towards the desired
temperature.

It has been found, for example, that, using an air
furnace, heating temperatures of 200° C. or less tend to
be inadequate, even with very lengthy heating times. In
fact, reproducible results have been observed only
when heat is applied at 250° C. or higher. At such tem-
peratures, it has been found that the costly prolonged
heating heretofore used, for example, for GaAs, 1s un-
necessary. In fact, it is believed that prolonged heating
can be detrimental. Thus, when using an air furnace, the
heating need only be applied for more than about 2
minutes and up to about 20 minutes for a temperature
range of about 250° C. to about 350° C. If the time of
heating is on the short side of this range, higher temper-
atures are preferred within the temperature range.

It has also been found that in an air furnace, times
shorter than 2 minutes may be used; but, temperatures
above 350° C. tend to become necessary due to the
relatively cool initial semiconductor temperature. Spe-
cifically, for times of less than 2 minutes, the heating
temperature preferably is at least equal to 490/a, In
degrees centigrade, where “a” is the heating time in
minutes. Temperatures less than this appear to be insuf-
ficient for this time range.

As noted above, the enhancement effect can be
achieved equally as well by exposing the cadmium tellu-
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ride to alternating non-oxidizing and oxidizing atmos-
pheres. For example, an evacuated ampoule containing
the semiconductor material can be opened to allow
oxygen of the air to interact with the material. It is
believed that the amount of oxygen in such an ampoule
is reduced sufficiently so as to be essentially non-oxidiz-
ing. In such a furnace, altered surface states for CdTe
cells can be produced by preheating the semiconductor
material to 350° C. in the presence of an essentially
non-oxidizing atmosphere until the material is at that
temperature, adding oxygen at 350° C. even for times
less than 2 minutes, and then removing the material
from the effect of the oxygen. It is also contemplated
that, after preliminary heating of the semiconductor,
oxygen can be introduced into a non-oxidizing atmo-
sphere in a steady stream to flush out the non-oxidizing
atmosphere. Removal of the material from oxidation
can be achieved by flushing the furnace with a non-oxi-
dizing atmosphere, or simply by removing the material
from the furnace. Typical non-oxidizing gases include
inert gases such as argon, mildly reducing gases, and
N>. Therefore, such controlled atmosphere furnaces
have the advantage of permitting lower oxygenating
time and/or temperatures to be used due to the preheat-
ing of the semiconductor material up to the desired
temperature prior to oxygen exposure.

The alternating atmosphere furnace can also be used
for heat-treatment in the presence of oxygen without
appreciable preheating in the non-oxidizing atmo-
sphere, as will be recognized.

It will be apparent from the preceding discussion that
the altered surface state appears to be an oxidation phe-
nomenon. Although it is not essential for the practice of
the invention, it has been found that the altered surface
[or] of the CdTe includes both CdTe and [TeO:] an
oxide form of tellurium. This has been estimated as a
result of electron spectroscopy chemical analysis of the
semiconductor material afer forming the altered sur-
face, which revealed that, in the altered surface, the
cadmium electron region showed only the one peak
indicative of cadmium metal. No cadmium oxide was
detected. The tellurium electron region showed two
peaks, one of which is indicative of [TeO2] an oxide
form of tellurium and the other of which is indicative of
tellurium. The actual amount of [ Te0:] the oxide form
of tellurium present will of course depend on the surface
preparation and other factors that affect the oxidation
process.

The FIGURE in the Drawing illustrates a CdTe cell
10 prepared for solar energy conversion and having an
enhanced Voc as provided by the above-described pro-
cess. Layer 12 is CdTe in polycrystalline form, having
opposed surfaces 14 and 16. Surface 16 has been altered
by the heat treatment described to a depth indicated by
dotted line 18. In contact with surface 16 is the barrier
metal 20 in layered form. Metals which in theory have
a work function that compares favorably with the elec-
tron affinity of the n-type CdTe, will provide the neces-
sary barrier. Useful metals include, for example gold,
silver, copper, platinum, nickel, chromium, palladium
and aluminum. A collecting grid 22 or other suitable
electrodes are ohmically attached to metal 20 in a con-
ventional manner. An optional antireflection layer 24 1s
coated over the grid 22 and the metal 20 with a thick-
ness designed to increase the transmission of light to the
metal-semiconductor interface. Such layers 24 are con-
ventional, utilizing a thickness equal to about one-fourth
the optimum desired light wavelength to reduce flare.
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Typical materials for layer 24 include SnO;, where x is
less than or equal to 2, and zinc sulfide. Further discus-
sion of such antireflection layers can be found in the
literature.

The electronic circuit for the cell is completed by an
ohmic contact 26 of metal, such as indium, made
through surface 16 to the unaltered CdTe 12. Alterna-
tively, contact 26 can be secured to surface 14. Leads 28
then carry the current, if used in the current mode, or
apply the potential, if used in the open circuit mode, to
the circuits used in conjunction with the cell.

Each of the elements of the cell previously described
can be formed in a variety of ways. The semiconductor
layer 12 can be formed by slicing a thin section from a
sample formed by hot-pressing techniques or by any
other conventional technique, and is doped n-type by
the addition of chlorine, bromine, iodine, indium, etc. to
the crystals as “impurities;” or by annealing in a suitable
vapor, such as cadmium; or by both. P-type doping can
be achieved by the appropriate selection of other “con-
taminants,” as is well-known. The amount of doping
does not appear to be critical, expect that uniform dop-
ing in a conventional manner appears to be desirable.
The altered surface 16 is formed as described in detail
above, preferably after cleaning the semiconductor
layer by etching, abrasion, or the like. The barrier metal
may be formed as a layer by vacuum deposition, chemi-
cal precipitation, electrochemical deposition, electro-
less deposition, and the like. Similar techniques can be
used to deposit grid 22 and layer 24, except that a mask
is preferred in forming the grid. Conventional soldering
techniques are sufficient to form contact 26.

The thicknesses of the layers are not believed to be
critical. Typical thicknesses include from 1 micrometer
to about 2 millimeters for layer 12, and 0.005 to 0.008
micrometers for layer 20. The depth of altered surface
layer 16 will vary depending on the heating conditions
described above, and has not been accurately measured
for each variation. However, optimum thicknesses are
believed to be on the order of less than 0.005 microme-
ters.

EXAMPLES

The following non-exhaustive examples further illus-
trate the nature of the invention.

EXAMPLE 1

A hot-pressed sample of polycrystalline CdTe was
sliced with a wire saw, and a slice was annealed In
cadmium vapor for 24 hours at 850° C. to provide an
n-type semiconducting substrate. The surfaces of the
slice were mechanically polished, then etched in a solu-
tion containing bromine in methyl alcohol. To provide
the altered surface layer, the slice was heat treated in air
in a muffle furnace at 300° C. for 8 minutes. A gold
barrier layer about 60 A thick was then vacuum-depos-
ited on the etched and heat-treated surface through a
circular mask over an area of 0.23 cm? by flash evapora-
tion. Copper electrical leads were attached to the gold
layer with silver paint and to the CdTe surface by sol-
dering with indium metal to provide ohmic contact.
The resulting photovoltaic cell was illuminated through
the gold layer with 100 mW/cm? of light provided by a
Kodak Carousel projector, Model 600H, containing a
300 W tungsten-halogen lamp (General Electric ELH).
The open circuit voltage of the cell was 770 mV and the
conversion efficiency was 6.4 percent.
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As a control, another polycrystalline gold/CdTe
photovoltaic cell prepared in a manner similar to Exam-
ple 1, but without the heat-treatment, showed a Ve of
only 437 mv and a conversion efficiency of 4.7%. The
net Voc enhancement, then, was 333 mV.

EXAMPLES 2 and 3

Metal/semiconductor photovoltaic cells were pre-
pared as in Example 1, Example 2 being with and Exam-
ple 3 being without heat-treatment, except that both
examples used a chlorine-doped single-crystal CdTe
substrate and nickel as the barrier metal. Under the
same illumination as in Example 1, the cell made from
the heat-treated CdTe single crystal, Example 2, gave
an open circuit voltage of 610 mV and a conversion
efficiency of 3.4 percent. The cell made from single-
crystal CdTe without heat-treatment, Example 3,
showed an open circuit voltage of only 258 mV and a
conversion efficiency of 2.2 percent. The remarkable
effect of the heat treatment of the semiconductor sub-
strate prior to barrier metal deposition in increasing
both the open circuit voltage and the conversion effi-
ciency is demonstrated by these examples.

EXAMPLES 4-22

In each of these examples, cells were prepared in a
manner similar to Example 1, except that the time and
temperature for preheating the CdTe was varied. The
Vocand the enhancement for each example are listed in
the following Table I. Measurements of V¢ without
heat treatment were made, in some instances, by grind-
ing away the barrier metal after heat treatment and
measurement, etching the semiconductor surface, re-
forming the barrier metal layer without forming the
altered surface, and remeasuring Voc. Examples 4 and
5 are examples of no enhancement when the formula
490/a was not followed when heating in an air furnace
for only | minute. Example 6 illustrates the successful
temperature of 490° C. for the condition of 490/a,

where a=1 minute.
TABLE 1
e — e
Vﬂc {mV)
Heating Heating After Amount of Ve
Ex. Temp.("C.) Time (min) Treatment Increase (mV)
4 400 1 ~ 400 0
5 450 i 405 —~67
6 490 1 633 161
7 400 1.5 630 189
8 400 2 800 410
9 450 2 720 248
10 350 4 457 57
10 350 4 692 302
11 320 6 609 148
12 300 B 550 78
13 250 8 580 162
14 300 8.5 712 251
15 300 9 697 226
16 290 9 728 251
17 280 9 605 215
18 275 10 733 315
19 273 Il 380 112
20 300 [2 640 179
2] 275 14 561 [21
22 240 20 750 278

m

These examples revealed that, for an air furnace heat
treatment between about 250° and 350° C. and for about
2 to 20 minutes, V gpcenhancement is achieved. Further,
Examples 6 and 7 demonstrate, in contrast with Exam-
ples 4 and 5, that for time a equal to less than 2 minutes,
the temperature must be at least 490/a° C.
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In the comparison of Examples 10 and 10’, Example
10 appears to be anomalous, possibly due to nonuniform
doping. A third preparation of a cell heated at 350° C.
for 4 minutes produced an enhancement comparable to
that of Example 10, supporting the conclusion that
Example 10 is not a representative example.

EXAMPLE 23

To illustrate that a controlled atmosphere furnace
will provide enhancement with 1 to 2 minutes heating in
the presence of oxygen without following the formula
490/, in this example the cell was prepared similarly to
that of Example 1, but the semiconductor material was
placed after etching in an evacuated ampoule in a fur-
nace set at 350° C. The vacuum level was less than
10—* torr, a level believed to be sufficiently lacking in
oxygen as to be essentially non-oxidizing. The material
was left there for 12 minutes to permit its temperature to
rise to 350° C. Thereafter the ampoule was broken to
expose the sample to air while retaining the temperature
at 350° C. After 1 minutes in the presence of O, the
sample was removed from the furnace and cooled to
room temperature. The cell was completed, and Vo
when exposed to light in a manner similar to Example 1
was found to be 695 mV. A similar cell wherein the

semiconductor material was not heated at all had a Voc
of only 472 mV.

EXAMPLE 24 AND 25 —COMPARATIVE
EXAMPLES

To illustrate that the process of the invention can not
be applied by merely using any one of the known semi-
conductor materials, a cell similar to that described in
Example 1 was prepared for each of these examples,

35 except that the semiconductor material was cadmium

40

63

sulfide, the homolog of CdTe. Polishing and etching
was achieved using 5% bromine and 95% methanol
from the cell of Example 24, but etching was omitted in
Example 25.

In Example 24 without heat-treating, the Voc was

120 mV. The cell was destroyed by grinding off the
gold, and the semiconductor layer was heat-treated in
an air furnace at 300° C. for 8 minutes. The V¢ after
heat-treatment was 9 mV, indicating a failure in the
solar cell.
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In Example 25, the Vocbefore heat-treating was 9.8
mV, a barely acceptable value. After heat-treating again
at 300° C. for 8 minutes, Voc was 10.5 mV, an increase

of only 0.7 mV.

EXAMPLE 26—COMPARATIVE EXAMPLE

Example 24 was repeated, except that silver was used
as the barrier metal layer. Voc before heat-treating the
CdS was 90 mV, and after heat-treating for 8 minutes at
300° C. was only 0.8 mV.

The invention has been described in detail with par-
ticular reference to certain preferred embodiments
thereof, but it will be understood that variations and
modifications can be effected within the spirit and scope
of the invention.

What is claimed 1s:

1. A photovoltaic cell comprising

a layer of crystalline cadmium telluride, an exterior
surface portion of said layer having [TeO; in the
crystalline lattice] an oxide form of tellurium to a
depth effective to produce an open-circuit voltage
that is enhanced over the open-circuit voltage that
is produced [without said TeO2] by a photovoltaic
cell identical in structure except for the layer of cad-
mium telluride which has in the exterior surface por-
tion thereof only the oxide forms of tellurium result-
ing from exposing said surface portion to air at room
temperature,

a layer of metal in contact with at least part of said
exterior surface portion, said layer being capable of
forming a barrier with said cadmium telluride [al-
tered] surface portion, and

an electrode in ohmic contact with said cadmium
telluride. |

2. The cell as defined in claim 1, and further including
an antireflection layer in contact with at least part of
said metal layer, said antireflection layer having a thick-
ness that enhances the transmission of light through the
cell.

3.The cell as defined in claim 1, and further including
a current-conducting grid applied over, and in ohmic
contact with, said metal layer.

4. A process for the formation of a photovoltaic cell,
the process comprising the steps of

a. forming a layer of crystalline cadmium telluride,

b. heating at least one surface of the layer in air for

more than about 2 minutes and less than or equal to
about 20 minutes at a temperature between about
250° C. and about 350° C., or for a time less than or
equal to about 2 minutes but at a temperature 1n
centigrade degrees no lower than about 490/a,
where a is the time of heating in minutes; and
. applying a metal layer in contact with at least part
of said one surface, said metal being capable of
forming a barrier with cadmium telluride,
whereby a cell is produced having an open-circuit volt-
age which is at least about 50 millivolts greater than a
similar cell processed without step (b) above.

5. A photovoltaic cell comprising

a layer of crystalline cadmium telluride, a surface of
said layer being altered to contain [tellurium ox-
ide) an oxide form of tellurium by heating in an
oxygen containing atmosphere for between about 1
minute and about 20 minutes at a temperature be-
tween about 250° and about 500° C. the oxygen
being present in the atmosphere in an amount that 1s
effective to enhance the open-circuit voltage by at
least 50 millivolts compared to the open-circuit volt-
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age of a photovoltaic cell identical in structure except
for the layer of cadmium telluride which has in the
surface thereof only the oxide forms of tellurium

resulting from exposing said surface to air at room
temperature,

in contact with at least part of said altered surface, a
layer of metal capable of forming a barrier with
said cadmium telluride altered surface; and

an electrode in ohmic contact with said cadmium
telluride.

6. A photovoltaic cell exhibiting an enhanced open

circuit voltage, comprising

a layer of crystalline cadmium telluride, a surface of
said layer being in an altered state achieved by
heating in air for more than about 2 minutes and
less than or equal to about 20 minutes at a tempera-
ture between about 250° C. and about 350° C., or
for a time less than or equal to about 2 minutes but
at a temperature in centigrade degrees no lower
than about 490/a, where a is the time of heating In
minutes;

in contact with at least part of said altered surface, a
layer of metal capable of forming a barrier with
said cadmium telluride altered surface; and

an electrode in ohmic contact with said cadmium
telluride.

7. A process of measuring light, comprising the steps

of

a. exposing to light, a photovoltaic cell comprising a
layer of crystalline cadmium telluride, an exterior
surface portion of said layer having [ TeO; in the
crystalline lattice] an oxide form of tellurium to a
depth effective to produce an open-circuit voltage
that is enhanced over the open-circuit voltage that
is produced [without said TeO2] by a photovoltaic
cell identical in structure except for the layer of cad-
mium telluride which has in the exterior surface por-
tion thereof only the oxide forms of tellurium result-
ing from exposing said surface portion to air at room
temperature,

a layer of metal in contact with at least part of said
exterior surface portion, said layer being capable of
forming a barrier with said cadmium telluride al-
tered surface; and

an electrode in ohmic contact with said cadmium
telluride, and

b. measuring either the open-circuit voltage or short-
circuit current generated by the cell.

8. A photovoltaic cell comprising

a layer of crystalline cadmium telluride, a surface of
said layer being altered by heating in an oxygen con-
taining atmosphere for between about 1 minute and
about 20 minutes at a temperature between about
250° and about 500° C., the oxygen being present in
the atmosphere in an amount that is effective to en-
hance the open circuit voltage by at least 50 millivolts
compared to the open-circuit voltage of a photovoltaic
cell identical in structure except for the layer of cad-
mium telluride which has in the surface thereof only
the oxide forms of tellurium resulting from exposing
said surface to air at room temperature, and

in contact with at least part of said altered surface, a
layer of metal capable of forming a barrier with said
cadmium telluride altered surface; and

an electrode in ohmic contact with said cadmium tellu-
ride.

9. A process for the formation of a photovoltaic cell, the

process comprising the steps of
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a. forming a layer of crystalline cadmium telluride,

b. heating at least one surface of the layer in an oxygen
containing atmosphere for a time and at g tempera-
ture, and in an amount of oxygen, that are effective to s
enhance the open-circuit voltage by at least 50 milli-
volts compared to the open-circuit voltage of a photo-
voltaic cell identical in structure except for the layer of
cadmium telluride which has in the surface thereof
only the oxide forms of tellurium resulting from ex-
posing said surface to air at room temperature, said
temperature being at least about 250° C. and said
time being no greater than about 20 minutes,

¢. applying a metal layer in contact with at least part of 13
said one surface, said metal being capable of forming
a barrier with cadmium telluride, and

d. ochmically contacting the cadmium telluride with an

electrode. 20
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10. A process for the formation of a photovoltaic cell, the

process comprising the steps of

a. forming a layer of crystalline cadmium telluride,

b. heating at least one surface of the layer in an oxygen
containing atmosphere for between about 1 minute
and about 20 minutes at a temperature between about
250° C. and about 500° C., the oxygen being present
in the atmosphere in an amount that is effective to
enhance the open-circuit voltage by at least 50 milli-
volts compared to the open-circuit voltage of a photo-
voltaic cell identical in structure except for the layer of
cadmium telluride which has in the surface thereof
only the oxide forms of tellurium resulting from ex-
posing said surface to air at room temperature,

c. applying a metal layer in contact with at least part of
said one surface, said metal being capable of forming
a barrier with cadmium telluride, and |

d. ohmically contacting the cadmium telluride with an

electrode.
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