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PI ABSTRAm 
A Schottky barrier solar cell consists of a thin substrate 
of low cost material with at least the top surface of the 
substrate being electrically conductive. A thin layer of 
heavily doped n-type polycrystalline germanium, with 
crystalline sizes in the submicron range, is deposited on 
the substrate. But first a passivation layer may be depos- 
ited on the substrate to prevent migration of impurities 
into the polycrystalline germanium on a substrate of 
low-cost conductive material. Then the polycrystalline 
germanium is recrystallized to increase the crystal sizes 
in the germanium layer to not less than 5 microns, and 
preferably considerably more. It serves as a base layer 
on which a thin layer of gallium arsenide is vapor- 
epitaxially grown to a selected thickness. Then, a ther- 
mally-grown oxide layer of a thickness of several tens of 
angstroms is formed on the gallium arsenide layer. A 
metal layer, of not more than about 100 angstroms 
thick, is deposited on the oxide layer, and a grid elec- 
trode is deposited to be in electrical contact with the top 
surface of the metal layer. An antireflection coating 
may be deposited on the exposed top surface of the 
metal layer. In another embodiment, the recrystallized 
germanium layer serves as the substrate for a Schottky 
barrier solar cell with more than one active semicon- 
ductor layer. The techniques of forming the oxide layer 
are also applicable in forming an oxide layer between a 
metal layer and a semiconductor material which to- 
gether form a Schottky barrier junction in any solar 
cell. 

7 Claims, 4 Drawing Figures 
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(Schottky) barriers in place of p/n junctions, to convert 
light energy to electrical energy, have been investi- 
gated. Such cells are often referred to as Schottky-barri- 
er-type cells. Most of the investigation has been di- 
rected to converting sunlight to electrical energy. 
Therefore, hereinafter for explanatory purposes in de- 
scribing the prior art as well as the invention, the cell 
will be referred to as the Schottky barrier solar cell. 
Some of the advantages of a Schottky barrier solar cell 
are its simplicity, higher current output and improved 
radiation resistance. 

Typically, such a solar cell includes a substrate, con- 
sisting of a single crystal gallium arsenide (GaAs) wafer. 
The bottom side of the GaAs wafer is metallized to 
form one terminal of the cell, while a thin semiconduc- 
tor layer of GaAs is then vapor-epitaxially grown on 
top of the GaAs wafer. A very thin layer of metal is 
deposited on top of the vapor-epitaxially grown GaAs 
layer. A grid electrode is then deposited on the metal 
layer to serve as the other cell terminal. Often, an anti- 
reflection coating is applied to the exposed surface of 
the metal layer. To provide sufficient strength for the 
cell, the single crystal GaAs wafer, which serves as the 
cell substrate, has to be relatively thick (on the order of 
about 10 mils. The cost of such a wafer is quite high, 
thereby greatly increasing the cell cost. Reducing cell 
cost would greatly increase the potential use of 
Schottky barrier solar cells. 

OBJECTS AND SUMMARY OF THE 
INVENTION 

It is a primary object of the present invention to pro- 
vide a Schottky barrier solar cell on a low cost sub- 
strate. 

Another object of the invention is to provide a 
Schottky barrier solar cell, characterized by the absence 
of a relatively thick and expensive single crystal GaAs 
substrate. 

Yet another object is to provide a Schottky barrier 
solar cell on a passivated substrate of low cost material 
that might otherwise produce metallurgical problems 
during processing steps in fabricating it. 
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A further object of the present invention is to provide 
a new method of fabricating a relatively inexpensive 
Schottky barrier solar cell. 

Yet a further object of the present invention is to 

SCHOTTKY BARRIER SOLAR CELL 

ORIGIN OF THE INVENTION 

formance of work under a NASA contract and is sub- 
ject to the provisions of Section 305 of the National These and other objects of the invention are achieved 
Aeronautics and Space Act of 1958, Public Law 85-568 in one embodiment by providing a cell in which the 
(72 Stat. 435; 42 USC 2457). substrate is a low cost material that is suffrciently strong 

10 to support the cell thereon. At least the top surface of 
CROSS REFERENCE TO RELATED the substrate is electrically conductive. In one embodi- 

APPLICATION ment of a polycrystalline layer of heavily doped n-type 
germanium is deposited on the substrate. But first a 

tion Ser. No. 837,513 filed Sept. 29, 1977, abandoned, Passivation layer, such as a tungsten and/or tungsten- 
which is a continuation in part of application Sera No, l5 carbon alloy on a steel substrate, or conductive borides, 
683,073, filed May 4, 1976, abandoned, which is in turn carbides Or nitrides Of titanium, chromium, zirconium, 
a continuation in part application of application Ser. niobium, molybdenum, tantalum and tungsten may be 
No. 597,430 filed July 21, 1975, abandoned. deposited on the substrate to prevent migration of impu- 

rities into the polycrystalline germanium. At this point 
BACKGROUND OF THE INVENTION *O the germanium layer crystalline size, i.e., the size of the 

The present invention generally relates to a light crystals is very small, typically in the submicron range. 
energy converting cell and, more particularly, to a The germanium layer, which serves as a base layer, is 
Schottky barrier solar cell, and to a method of fabricat- recrystallized in a manner described hereinafter to sig- 
ing it. nificantly increase the sizes of the crystals in it. Thereaf- 

In recent years, cells, using metal-semiconductor 25 ter, a semiconductor material, e.g., a thin layer of GaAs, 
is vapor-epitaxially grown on the base layer. Then, an 

The invention described herein was made in the per- Provide new methods of forming an oxide layer in a 

This application is a continuation in part of applica- 

, 

oxide layer is formed on the GaAs layer and a thin 
metal layer is deposited on the oxide layer. This is fol- 

3o lowed by forming the grid electrode on the metal layer, 
with an antireflecting coating applied to the exposed 
surface of the metal layer. 

The oxide layer contributes to a significant increase in 
the open-circuit voltage of the cell. The oxide layer may 

35 be formed by any one of several novel techniques, to be 
described hereinafter. These techniques may be used to 
form the oxide layer in any Schottky barrier solar cell 
and are not limited to the embodiment hereinbefore 
described. 

The novel features of the invention are set forth with 40 

45 

50 

55 

60 

65 

particularity in the appended claims. The invention will 
best be understood from the following description when 
read in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a cross section of a prior art Schottky bar- 

rier solar cell. 
FIG. 2 is a cross section of an exemplary embodiment 

of a Schottky barrier solar cell of the present invention. 
FIG. 3 is a cross section of another embodiment of a 

Schottky barrier solar cell of the present invention. 
FIG. 4 is a cross section of yet another embodiment 

of a Schottky barrier solar cell of the present invention 
with a passivated substrate of low cost material. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

In order to highlight the advantages of the solar cell 
of the present invention and the structural differences 
between it and the prior art, attention is briefly directed 
to FIG. 1, which is a diagram of a prior art Schottky 
barrier solar cell. It consists of a relatively thick layer of 
semiconductor material 12, on which a very thin layer 
or film of semitransparent metal 14 is deposited to form 
the Schottky barrier. In practice, the semiconductor 
material 12 typically consists of a heavily doped n-type 
single crystal GaAs wafer 12u on top of which a very 
thin layer 12b of GaAs is vapor-epitaxially grown. The 
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Thickness of the Ga As layer i.20 is generally on the coated graphite arid metallized ceramic oi* ;~.iumiri:~ 7ilie 
order of 5 to 20 microns. required thickness of the substrate depends on the par- 

jq,-s shourn in FIG. 1 a large ohmic contact 115 is de- ticular material used. In general its thickness may be on 
posilecl on rhe bottom side of the GRAS wafer B2a, to the order of not less than 0.10 mm. 
form one contact or terminal of the cell. Tha second 5 h thin poiycrystalli~ie layer 24 of heavily doped pi- 

contact is in the form of a grid electrode 3.6, which is type germaIlium is laid down on the top surface 22t of 
generaily fabricated of a solderable metal deposited on the substrate. The germanium layer 24 ~ n a y  be de 
the nictai layer 14.. P L r i  an~ireflectioii ccmirig !.:Z ni?:~y be ited by evaporation or any equi valcrit prot 
deposited on the metal film 14 to iraininiize losses dine to duce a layer of a thickness on the order of a kw (::.g., 
>.cfleciion of solar energy directed to the Stcirottky bar- 10 5-10} microns. PJitli presently 1;1iowm techniques, ger- 
rier solar cell. manium layer 24- of relatively large :;urfacr: aret:., and o f  

In the Schottky barrier solar cell SIIO'?T~'EY in PIG. 11, the submicron crystal sizes (Le., sizes less than i micron), 
Cab wafer i i k  effectively serves as the substrate or may be formed quite inexpensively. !kIoivever, due to its 
base layer of the cell, in vd7ich o d y  layer 12b and metal slinall size crystals, such a layer is inadequate to sjervc as 
1 ~ i y ~ : ~  14. form the Schottky barrier. In order to properly 15 a base layer for a direct gap compound, e.g., rj .aD~s, 
i;mppnrt the layers of materialis deposited 017 .wafer JZa, which together with a metal layer is to form a Schot~lcy 
as .uvcll as io provide overall physlcai strength to the cell barrier junction. En accordance with the present inven- 
rei. iiandling purposes, the wafer Ih 1x1s t~ be relaiizrely tion the germanium layer 24, after first being deposiied 
rhick. Typically, its thickness is on  the order of not less with submicron crystal sizes, is treated s o  as to irnca 
t11arn 10 mils. 

Air, is appreciated, GaAs is a direct gap compound. i n  pendicular to the thickness of the layer. Briefiy, the 
:;rich a compound the diffusion length of the minority germanium layer 2%. is recrystallized 1:o form is pdycry:i- 
cnrriers, which are rormed when photons are absorbed talline germanium layer with crystal sizes on the order 
i n  the compound, is on the order of 1 micron. In order of not less than about 5-10 microns and preferably on 
not to produce excessive recombination of the minority 25 the order of 100 microns, or more. 
c~irriers at bouiadaries between crystals in izyer 22b, as The recrystallization of the germanium layer 2 t i  rmy 
zvell as mot to reduce the barrier height due to the crys- be achieved by heating it to a temperature ofabottt 9111" 
tal bo~idar ies ,  it is important that the crystal sizes in C., which is the nielting poinit of germ;en.inm, and there- 
layer >].% be quite large. Since the diffusion iength ofthe after permitting it to COOI down. Preferably, irn recrys- 
rninority carriers is about 1 micron, the cr 
should preferably be as large as possible, aiid generally to slightly below its melting temperature. Then 
not less Ehan 5 microns. selectively heated to its melting point by spot w line 

In the prior art, the crystal sizes in layer $20 zre much scanning its surface with a heat-producing sotirce, e.g., 
ater than 5 microns. E n  fact in the prior art base layer a heat lanip, a laser, or an electron beam. After the 

is f ~ r i ~ ~ e d  as a single large size crystal, since it is 35 germanium layer 24 has been recrystallized, s o  that rhe 
ically grown 011 the GaAs wafer 120 which is also sizes of its crystals have been increaseci significantly to 

formed as a single crystal. In prnctice, wafer 12n is a at least 5-10 microns, and preferably on the order ~f 100 
slice from a previousEy produced large single crystal microns, a thin layer 25 of Galis is vapar--epiiiaaiaii3i~~a~~.y 
GaAs ingot. The latter is sliced to customer specified grown 011 top of the germanium layer 24. to a desired 
thici:ness and area to form the GaAs wattr 1 Zu. The 4 0  tliickness. The ~IricEcness of base layer may be c ~ a  thc: 
prochciion of such sliced single crystal GaAs V W ~ ~ A ~ S  is order of not more than YO (e.g., 5-IQp microns while tihe 
very costly. For example, at present the cost of the thicEcness of layer 25 may be on the order of not more 
!;ingle crystal GaAs wafer cut to a thickness of about 10 than 5 microns. 
inils for use as a solar cell substrate is about $7 per The germanium layer 24 is a s e i ~ i i ~ ~ n d u ~ t o r  base 
square iiacln. The cost of the wafer represents n signifi- 4.5 layer for the GaAs layer 25, the latter sei-vip.ig as tine 
cant portion of the total solar cell cost. Rs eli~iination semiconductor lelectrically active layer whicii, togethler 
would greatly reduce the solar cell cost. with a metal layer, ~ C X ~ S  the Schottky barrier. Since the 

i n  accordance with one aspect of the present inven- sizes of the crystals in base layer N ,  are relatively fqge ,  
rhe use of cn expensive single crystal GnAs wafer at least as compared with the original submicron cr 
substrate, or Base layer, is avoided, thereby reduc- iio sizes, the crystal sizes of layer 25 grown on layer 2 

13 the overall cost of manufacturing a useful Schottky generally equal to those ofthe layer 2~?., i.e., not less 
1311 ier s o h  cell. T h e  novel Schottky barrier solar cell 5-10 microns and preferably on the order ~f 190 mi- 

of the present invention and the niethod of producing it c r o n ~  or more. Without the r e c r y s t a i l i ~ a i i ~ ~ ~  of'hyer ad?., 
may best be explained in connection udh an eirenyhry the crystal sizes of layer 25 would be in? tire micron 
rnabodinient, diagrammed in FIG. 2: The Schottky 55 range. Such a layer would be useless for the purpose of 
!hr rkr  s , o h  cell 20 incl~des a substrate 21: made of a forming a S~i-rottlcy barrier solar cell. 
low cost material which is capable of providing the Germaniuni and gallium arsenide have ahos i '  perfect 
desired strength of the cell and support various layers matches in lattice parameters aiici in therm:~.l e~:pansiour 
 ene ere on. If the substrate 32 is made of an electrically characteristics over the temperature range from roory1 
conductive material, it can be used directly as one ofthe 60 teniperature to about 700" C., the gro\~tIi 
cell's terminals. However, if it is macle of an electrically of Ga&. Consequently, tE7e ~ e ~ ~ ~ ~ a f i i n i i s  1 
j1isuhting nlaiteriid, its top surface 22r should be coated ideal base for the active GraPns layer' 25, 
,l').;ith a 1ayer of' electrically coi~dtrctive rrinieriai to serve stresses between the two layers 24, and 25 *$/ill ire grei:tly 
:I,:; on:: o f  the cell's terminals. The substr-ate 22 can be minimized, thereby resulting in iwrrpror;ed electrie:~ 
lhotdght of as a layer 0f10\v cost iimterkl zvilh at least its 65 properties of the active 
fop surk~cc: electrically conductive. EI of materi- prevent any interaction 
:11s ~wlaich can tie used for the srmbscra the germanium layer 21( 1 

and during subsequent p 

20 significantly the sizes of its crystals in a direction 

a1 sizes 30 tallizing the germanium layer, the gerinarriarrv~ is he 

. 

: 

dude, but 
1, carbon- 
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the initial deposition of the germanium on the substrate duction. Thus, the cost of the Schottky barrier solar cell 
22, it may be desirable to coat the top surface of the of the present invention, as compared with the cost of a 
substrate with a metal such a tungsten. Such a metal is prior art cell of equal area, in which an expensive single 
known to wet germanium well and thereby facilitate its crystal semiconductor wafer is used as the substrate, can 
deposition on the substrate. The tungsten may be depos- 5 be reduced significantly, even though the layer 24 is 
ited even when the substrate is of a electrically conduc- first deposited and is subsequently recrystallized. 
tive material. The invention has been described with reference to 

It has been discovered that such a tungsten or a tung- FIG. 2 as having a semiconductor base layer 24 consist- 
sten-carbon layer will prevent excessive alloying and ing of germanium, and a semiconductor electrically 
diffusion of the substrate material with and into the base 10 active layer 25 consisting of GAS. It should be pointed 
semiconductor layer 24, and then the active semicon- out that the invention is not intended to be limited to 
ductor layer. An exemplary e d ~ ~ I i m e n t  of a Schottky these particular semiconductor materials. The semicon- 
barrier solar cell with such a passivation layer will be ductor active layer 25 need only consist of a semicon- 
described hereinafter with reference to FIG. 4. ductor material with a band gap so as to efficiently 

After growing the GaAs layer 25, a thermally-grown 15 convert the light directed thereto to current. The semi- 
Oxide layer 26 may be formed On the GaAs layer 25* conductor base layer 24 need only consist of a recrystal- 
The thickness of the oxide layer, if formed, should gen- lizable semiconductor material which closely matches 
erallY be less than 
very thin layer Or 
deposited on the Oxide layer 26* 

(e*& 30-50) angstroms* Then, a 
Of semitr~sParent.metd 28 is 

the semiconductor material chosen for the active layer 
25 in lattice parameters and in thermal expansion char- '' acteristics Over the temperature range of interest. This is the 

layer thickness is about 100 angstroms or less. However, quite significant, since it is important to eliminate, or at 
if desired, it may be thicker than 100 angstroms. The least minimize, the built-in stresses between the base Schottky barrier is formed by the metal layer 28 and the layer 24 and the active layer 25. GaAs active layer 25 with the interfacial oxide layer 26 When the active layer 25 consists of GaAs, the base therebetween. It has been discovered that such an oxide 25 layer 24 may consist of recrystallizable or any of layer produces a marked increase in the cell's open- its ternary comyounds, such as GaAsl-,P,, instead of circuit voltage. Several techniques to form the oxide germanium since GaAs has a melting temperature of layer 26 will be described hereinafter. 1298" C. Also, one of the ternary compounds of GaAs The cell manufacturing is completed by depositing a 
grid electrode 30, preferably of solderable metal to the 30 may be used as the active layer 25* In such a case* it 
metal layer. The grid electrode forms the second Or One Of its ternary 
contact or terminal of the cell. As shown in FIG. 2, an any One Of 

antireflection coating 32 is applied to the top surface of may be used in forming the metal layer 28. 

prior art cells, is to reduce losses due to reflection of 35 palladium* 
light energy from the cell surface. 

be preferred to use 
compounds for the base layer 24. 
OUs 

metal layer 28. The function of the coating 32, as in Of metals which may be gold, 
and platinum* 

In summary, the Schottky barrier solar cell of the 
present invention includes a substrate, formed of other F~~~ the foregoing description and a compa~son of 

FIGS. 1 and 2, it should be appreciated that in the prior 
art a single crystal semiconductor wafer, such s the 

than a single crystal  icondu duct or material. m e  Sub- 
strate may be formed of an elwtfically conductive ma- 

single crystal G ~ A ~  wafer 1k,  shown in FIG. 1, is used 40 terial, such as low-cost steel, nickle-iron or carbon- 
as the substrate or base layer. The cost of such a single coated graphite, or of an electrically insulating material, 
crystal semiconductor wafer is high, thereby increasing such as ceramic or alumina, whose top surface is metal- 
the cell cost. Such an expensive single crystal semicon- lized. Thus, in general, the substrate may be thought of 
ductor wafer, serving as a substrate, is not used in the as other than a semiconductor material with at least its 
Schottky barrier solar cell of the present invention, 45 top surface being electrically conductive- Deposited on 
wherein the substrate 22 and the recrystallizable germa- the substrate is a thin layer Of a semiconductor material 
nium base layer 24 perform the function of the expen- to form a semiconductor base layer, which is recrystal- 
sive single crystal GaAs wafer. The substrate 22 is made lizable into a relatively large crysaline size POlYCrYs- 
of a low cost material. ~ l s o  gallium (Ga) is generally in talline base layer. A layer of semiconductor material is 
short supply and relatively expensive. With the present 50 grown on the base layer to form an active semiconduc- 
invention, by eliminating the relatively thick GaAs tor layer which, together with a very thin metal layer 
wafer 12u, the need for large quantities of Ga is greatly deposited thereon, forms a Schottky barrier. Preferably, 
reduced. an oxide layer of several tens of angstroms is formed 

The active GaAs layer 25 cannot be readily grown between the metal layer and the active semiconductor 
directly on the substrate 22 because the latter is either 55 layer. 
amorphous or is in polycrystalline form with extremely The semiconductor material, chosen for the semicon- 
small crystal sizes. Therefore the germanium layer 24 is ductor active layer, is one having a band gap so as to 
first deposited on the substrate 22, and thereafter is optimize the conversion of incident light into electrical 
recrystallized to form a large crystallite size (large crys- energy. The semiconductor material chosen for the base 
tals) polycrystalline base for the active GaAs layer 25. 60 layer is one which matches as close as possible the lat- 
Consequently, when the latter is vapor-epitaxially tice parameters and thermal expansion characteristics 
grown on the germanium layer 24, its crystal sizes tend (over the temperature range of interest) of the semicon- 
to match the relatively large crystal sizes of the recrys- ductor material of the active layer. A grid electrode is 
tallized germanium layer. The initial deposition of the deposited on the layer to serve as one terminal of the 
germanium layer on the substrate 22 in polycrystalline 65 cell. The other terminal of the cell is either the sub- 
form with crystal sizes in the submicron range, and its strate, when the latter is of an electrically conductive 
subsequent recrystallization to form crystals of larger material, or its metallized electrically conductive bot- 
size, are amenable to continuous flow automated pro- tom surface. 
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As previously indicated, it has been found that the 

oxide layer, such as layer 26 in FIG. 2, contributes to a 
significant increase in the open-circuit voltage of the 
cell. The oxide layer should preferably be on the order 
of 50 angstroms or less. However, it may be greater 
than 50 angstroms, e.g., on the order of about 100 ang- 
stroms. Since the oxide layer 26 is between the active 
semiconductor layer 25 and the metal layer 28, which 
together form the Schottky barrier, the oxide layer 26 
may be thought of as an interfacial oxide layer. 

The advantages realized from such an interfacial 
oxide layer, Le., increased open-circuit voltage, are not 
limited to the solar cell of the present invention, herein- 
before described with reference to FIG. 2. The interfa- 
cial oxide layer may be formed in any Schottky barrier 
solar cell, such as the prior art cell, shown in FIG. 1. 
The interfacial oxide layer may be formed between the 
very thin active semiconductor layer 126 (see FIG. l),  
which is vapor-epitaxially grown on the single crystal 
wafer 124 and the metal layer 14, which forms the cell's 
Schottky barrier. In general, the interfacial oxide layer 
may be incorporated in any Schottky barrier solar cell 
between the metal layer and the active semiconductor 
material, which may consist of one or more layers of 
semiconductor material. 

After extensive tests and analysis of the characteris- 
tics of the interfacial oxide layer, formed on an active 
semiconductor layer which contains arsenic (As), e.g., 
GaAs, it has been discovered that a meaningful increase 
in the cell's open circuit voltage (Voc) is realized when 
the interfacial oxide layer contains arsenic (As) in an 
oxidation state of not less than + 3  and preferably 
higher than + 3 .  It is, of course, realized that the highest 
oxidation state of As is +5. Superior performance (in- 
creased Voc) was obtained when the As oxidation state 
was greater than +3. 

It should be stressed that when forming the interfacial 
oxide layer on GaAs the Ga is also oxidized. Also, any 
contaminants which may be present on the surface of 
the active semiconductor layer (25 in FIG. 2 or 126 in 
FIG. 1) e.g., organic matter, may be oxidized and form 
part of the interfacial oxide layer. Also, any contami- 
nants in the chamber e.g., a furnace, in which oxidation 
is performed, as well as in the stream of the oxygen 
which is introduced into the oxidation chamber may 
affect the final composition of the oxide layer by be- 
coming part of it and/or change the reaction pathway, 
Le., the oxide characteristics. 

In a controlled production process of forming the cell 
with the oxide layer, the presence of undesired contami- 
nants may be eliminated or reduced to a minimum so 
that their effect may be neglected. In practice, after 
vapor-epitaxially growing with the active semiconduc- 
tor layer (layer 25 in FIG. 2, or layer 126 in FIG. l), 
which is performed in a clean environmentally con- 
trolled chamber, the oxide layer is formed. This is 
achievable by introducing oxygen into the chamber and 
controlling the temperature for a selected period to 
form the oxide layer to the desired thickness of several 

4,27 8,8 3 0 
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tens of angstroms. 60 
If only pure oxygen is introduced, the oxide layer will 

consist of only oxides of at least some of the constituents 
of the semiconductor layer. For example, if the semi- 
conductor layer is GaAs the oxide layer may include 
both Ga and As in oxidized states. The layer may in- 65 
clude separate patches of a Ga oxide and As oxide and- 
/or an oxide containing both Ga and As, namely a Ga 
and As oxide. However, irrespective of the state of 

8 
oxidation of the Ga, and whether or not it is in the form 
of an oxide, separate from the As oxide, or part of a Ca 
and As oxide, the state of oxidation of the As should be 
not less than +3, and preferably greater than + 3 .  Vari- 
ous qxidation techniques may be used to produce the 
interfacial oxide layer on top of the As-containing semi- 
conductor layer, as long as the state of the oxidation of 
the As is not less than +3. 

In one process which has been found to be quite 
advantageous, ozone ( 0 3 )  was used as the oxidizing 
agent. In a specific embodiment in a cell with a semicon- 
ductor layer of GaAs, the interfacial oxide layer was 
formed by placing the cell in a quartz tube furnace 
through which ozone was made to flow. The ozone was 
provided by an ozone generator which was supplied 
with oxygen at a flow rate of about 1 cubic foot per 
hour. The furnace temperature was in the range of 
about 100" C .  to 200" C. An oxide layer of a thickness of 
less than 50 angstroms was formed in about 25 minutes 
at about 160" C. at atmospheric pressure. The open 
circuit voltage of the cell was about 0.64 volts as com- 
pared with 0.45 volts of a similar cell, but without the 
interfacial oxide layer. From various tests, which were 
performed, it was discovered that when using ozone as 
the oxidizing agent the time and temperature required 
to form the oxide layer, with As in the oxidation state of 
not less than +3, were not critical. Another advantage 
of using ozone is that the time required to form the 
oxide layer is reduced significantly. 

In another actual reduction to practice the interfacial 
oxide layer was formed by passing (02) through water, 
e.g., deionized water at room temperature, e+, 22" C., 
and atmospheric pressure. Thus, the oxidation was per- 
formed with humidified oxygen. In practice the top 
surface of the semiconductor active layer 25 was first 
cleaned. However, it is realized that despite such clean- 
ing some native oxide layer may have remained 
thereon. The surface of layer 25 was exposed to the 
humidified oxygen to form the interfacial oxide layer. 
The greater the exposure time the thicker was the oxide 
layer which seemed to increase the efficiency. Layers 
were formed with exposure times from about 24 hours 
up to 200 hours, which resulted in oxides of thicknesses 
varying from about 30 to 40 angstroms. The open cir- 
cuit voltages of the cells with these oxides varied from 
about 0.72 V up to 0.84 V. Most of them had open 
circuit voltages of approximately 0.8 V, which is very 
significant. 

It should be pointed out that in a process in which the 
semiconductor active layer 25 is vapor-epitaxially 
grown, the oxide may be formed in a controlled envi- 
ronment so that any uncontrolled native oxide would be 
minimized. Thus, the interfacial oxide layer will consist 
practically entirely of a layer formed by oxidation with 
humidified oxygen, produced by passing oxygen 
through water. Such an oxide layer would effectively 
be a controlled native oxide of the desired thickness. A 
native oxide means an oxide of the composition and/or 
the constituents of the semiconductor active layer 25. 

Experiments with reasonably satisfactory results 
have been performed in which a non-native oxide was 
physically deposited as the cell's interfacial oxide layer 
26. The term non-native oxide refers to an oxide in 
which constituents, different from those of the sernicon- 
ductor active layer 25, are present in the interfacial 
oxide layer 26. 

In these experiments non-native oxides of SbzQ3 were 
deposited by vacuum deposition on GaAs layer 25 of 
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various cells to thicknesses of about 15 to 25 angstroms. interfacial oxide layer, the cell may be dried by includ- 
The open circuit voltage of these cells are also found to ing an annealing step, preferably in the presence of a 
be in the range of 0.8 V. One advantage of Sb203 is that, nonreactive gas. 
due to its high vapor pressure, it is conveniently evapo- In FIG. 2, only a single layer 25 of active semicon- 
rated. Therefore, it can be deposited without any appre- 5 ductor material is shown in the base layer 24, with layer 
ciable decomposition to form the non-native oxide on 25 together with the metal layer 28 forming the 
the surface of layer 25. Schottky barrier. If desired, the active semiconductor 

The non-native oxide in accordance with the present material, represented by single layer 25, may consist of 
invention is not intended to be limited to Sb203. Other more than one layer. Such an arrangement, which will 
depositable oxides may be used. Preferably these oxides 10 be described in connection with FIG. 3, may be particu- 
should be relatively stable so that they are not adversely larly desirable when the cell is used to convert solar 
affected by the high temperatures, Produced during energy, i.e., sunlight, into electrical energy. 
deposition. Some examples Of other non-native oxides As is appreciated, sunlight includes energy in a spec- 
which may be used include s& m2059 Ta205- How- trum of wavelengths rather than at one specific wave- 
ever, the invention is not intended to be limited to the 15 length. The sunlight spectrum is such that the optimum 
above examples. band gap in terms of electron volts (eV) is in the range 

As should be appreciated the non-native oxides may of 1.5 e~-1 .7  e ~ .  G ~ A ~  has a band gap of 1.4 
be formed On the surface Of layer 25 by any known Therefore, its use in a Schottky barrier solar cell for 
deposition technique, e.g.9 vacuum evaporation Or the converting sunlight into electrical energy is more &sir- 
like. One technique which is believed to b6 highly ad- 20 able than silicon (which has a band gap of 1.1 e ~ ) ,  since 
vantageous, and which is included in the scope of this the GaAs band gap is closer to the optimum band gap 
invention, is forming the interfacial oxide layer by laser with respect to the sunlight spectrum. Also, since 
flash evaporation. In such a technique the oxide, e.g., a has a band gap which is greater than that of silicon, 

directing a focused laser beam to it. The oxide matter, 25 output voltage is greater than that experienced when 
subjected to the laser beam, tends to evaporate for de- silicon is used in a similar type cell. However, even 

though GaAs is preferred over silicon, since its band position on the layer 25. With a laser beam the heating 
of the oxide is limited to the area exposed to the laser gap is 1.4 eV, which is below that of high energy pho- beam. By scanning the laser beam over the oxide, se- 

Oxide such as Sb203, may be evaporated by when G A S  is used in Schottky barrier solar cell, the 

lected areas thereof may be melted or evaporated, with- 30 ton' Of the 
out having to expose the entire oxide to very high tern- 

the efficiency Of converting the 
is lower than energy Of the latter when using 

peratures, needed to melt or evaporate it. Thus, the 
dangers of decompos~t~on and/or adverse effects 

peratures are greatly reduced, since the deposition of 35 On the 

When fabricating a cell for converting sunlight into 

3. 
on the semiconductor active layer 25 due to high tern- 

the interfacial oxide layer by evaporating the oxide with 

electrical energy* it is preferable to deposit two layers 

Therein, the two layers, the layer 25 of 
base layer 259 as shown in 

laser flashing can be achieved at relatively low tempera- 
tures of the active layer on which the oxide is deposited. 

Also, flash evaporation by means of a laser has been 
found to be advantageous when depositing the antire- 
flection layer 32 of certain materials. For example, it 
was found that when layer 32 of Ta2O5 was deposited, 
such as by electron beam evaporation, cell degradation 
was noted. It is likely that such degradation may have 
been due to possible penetration of soft x-rays or ener- 
getic particles into and through metal layer 28 to the 
barrier. However, such degradation is significantly 
eliminated by flash evaporation by means of a laser the 
Ta2Os to form the antireflection layer 32. It is believed 
to be desirable to deposit either the oxide layer 26 and- 
/or the antireflection layer 32 by laser flash evapora- 
tion. 

In another experiment a satisfactory interfacial oxide 
layer was formed with oxygen and/or ozone as the 
oxidizing agent or agents and in the presence of a phe- 
nolic epoxy resin in the oxidation chamber. Satisfactory 
interfacial oxide layers may be expected when using 
pure oxygen and/or ozone together with small amounts 
of oxidizing-stimulating gases, on the order of about 1% 
or more of the total flow rate. Some examples of such 
gases are CO, NO and NO2. 

Also, the oxide layer may be formed with a liquid, 
either aqueous or not, containing oxidizing matter. For 
example, water containing a few percent of hydrogen 
peroxide may be used. Also, potassium permanganate, 
dissolved in a nonaqueous solvent may be used. Gener- 
ally, in all processes in which oxidation is performed 
with a liquid, rather than gas, after forming the desired 

FIG. 2, are designated by 25a and 256. Layer 2% which 
is first deposited on the recrystallized base. layer 24 is 
preferably GaAs. Its thickness is not very critical. Pref- 

4o erably, it should be on the order of only several microns 
in order to reduce fabrication cost. The second layer 
256 is formed on top of layer 2% Layer 25b is formed 
of a semiconductor material which has a higher band 
gap than that of GaAs. For example, layer 256 may 

45 consist of a ternary compound of GaAs, such as Al,. 
Gal +As. By controlling x the aluminum gallium arse- 
nide layer 25b may have a band gap around 2.0 eV. 
Such a layer is a more efficient converter of the energy 
of high energy photons, Le., those photons with ener- 

50 gies above 2.0 eV, than GaAs which has a considerably 
lower band gap. Also, since layer 256 has a band gap 
greater than that of GaAs the cell's output voltage is 
higher than that of a cell with only GaAs. 

Since the band gap of layer 256, assumed to be around 
55 2.0 eV, is significantly higher than about 1.5 eV, which 

is the optimum band gap for sunlight spectrum, it is 
recognized that layer 256 alone would not be an effi- 
cient converter of sunlight. Photons with energies 
below that of 2.0 eV will not be absorbed in layer 256 

60 and therefore will not generate current-producing carri- 
ers. Layer 256 is made very thin (on the order of one 
tenth micron or less, e.g., a few hundred angstroms). 
Therefore, photons with energies below 2.0 eV pass 
through layer 256 and are absorbed in the lower layer 

65 254 where they generate minority and majority carri- 
ers. Since layer 256 is very thin the minority carriers 
move through layer 256 to the barrier and thereby con- 
tribute to the output current. 
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The thinness of layer 25b does not affect the absorp- 

tion therein of photons with energies not less than about 
2.0 eV. This is due to the fact that layer 25b is of a 
gallium arsenide ternary compound which is a wide 
band gap semiconductor material. In such a material 
photons are absorbed very close to the material’s top 
surface. Due to the presence of the metal layer 28 an 
electric field is present in what is referred to in the art as 
the space charge region. As a result it is believed that 
the minority carriers, generated in layer 25b, drift to the 
barrier under the influence of the electric field. The 
oxide layer 26, when present, is so thin, less than 100 
angstroms and preferably not more than 50 angstroms, 
and therefore does not affect the electric-field-aided 
collection of the minority carriers. 

As to the carriers generated in layer 25a, since layer 
25b is very thin (not more than 1 micron), it is likely that 
at least some of these minority carriers, Le., those gener- 
ated in layer 254 also drift to the barrier through layer 
25b under the influence of the electric field, while some 
of the minority carriers generated deeper in layer 25a 
may move to the barrier by diffusion. In either case, 
most of the minority carriers generated in layer 25a 
move through thin layer 25b to the barrier and thereby 
contribute to the output current. In practice, layers 25a 
and 25b may be vapor-epitaxially grown in the base 
layer 24 after the latter is recrystallized so as to increase 
the sizes of its crystals. Thus, the sizes of the crystals in 
layers 25a and 25b will be on the order of those in the 
base layer 24, namely not less than 5 to 10 microns and 
preferably more. 

The techniques of epitaxially growing layers of semi- 
conductor materials are well developed for GaAs and 
its ternary compounds. Due to the mismatch in band 
gap between layers 25a and 25b it is important to grow 
layer 256 on layer 254 so as to minimize the effect of 
any potential barrier between them. A spike or abrupt 
break may be present in the conduction band. If so, this 
may possibly be eliminated by first growing layer 25a 
and gradually converting into the ternary compound of 
GaAs over a thickness of a few hundred angstroms or 
so, and thereafter continuing to grow the layer 25b to 
possess the desired band gap. This can be done by con- 
trolling the temperatures and gradually increasing the 
amount of the particular material, e.g., A1 which is 
added to the GaAs. The effects of the known potential 
barrier in the valence band of about 0.6 eV are mainly 
overcome by growing layer 25b thin enough, e.g., a few 
hundred angstroms to allow the aforementioned elec- 
tric field to influence the minority carriers at such po- 
tential barrier. 

Generically, one can regard each of the cells shown 
in FIGS. 2 and 3 as a cell with a first layer of polycrys- 
talline semiconductor material, such as the base layer 
24, and a second layer of polycrystalline active semi- 
conductor material on top of the first layer. In FIG. 2, 
the second layer 25 is assumed to be a single layer of one 
type of material, e.g., GaAs or its ternary compound, 
while in FIG. 3 the second layer is a multilayer member 
and includes layers 25a and 25b. which have different 
band gaps. As previously pointed out, in production, 
layer 25a may first be grown and thereafter gradually 
adding matter, e.g., AI, resulting in the formation of an 
intermediary layer of a few hundred angstroms and 
thereafter growing layer 256. 

One can view layers 250 and 25b as a single layer of 
polycrystalline semiconductor material with one por- 
tion or region, such as 250 adjacent the base layer 24, of 
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one band gap and with an opposite portion or region, 
such as 25b adjacent the oxide layer 26, of a different 
band gap. Also, an intermediate region may be included 
in the single active layer which includes regions 250 and 
25b in which the band gap varies from that of layer 
region 25a to that of layer region 25b. Thus layers 250 
and 25b can be thought of as separate layers, or as sepa- 
rate regions of a single layer, with or without an inter- 
mediate region. It should be apparent that although 
layer 25a has been described as GaAs, and the wide 
band gap layer 25b has been described as AIGaAs, other 
compounds may be used. For example, semiconductor 
materials, other than GaAs and its ternary compounds, 
may be employed to form the relatively narrow band 
gap layer 25a and the wider band gap layer 25b, while 
insuring that no barrier is created between them. 

It should be pointed out that although the interfacial 
layer has been described as the oxide layer and methods 
of producing it have been described, the invention is not 
intended to be limited thereto. For example, rather than 
depositing an oxide interfacial layer an interfacial layer 
of a native or non-native nitride may be deposited. 
Thus, in the braod sense, and in accordance with the 
invention, the interfacial layer should be viewed as one 
having dielectric properties. 

Referring now to FIG. 4, a third embodiment of the 
present invention is illustrated with a single active layer 
25 as in FIG. 2.  For convenience, the same reference 
numerals are employed for the same elements as in the 
embodiment of FIG. 2. A comparison with FIG. 2 will 
thus readily show that what is added is a passivation 
layer 34 a few (1-4) microns thick. This layer serves to 
prevent interaction of low cost conductive substrate 
material, such as steel, with the semiconductor layers 24 
and 25. 

When low cost materials are utilized as conducting 
substrates of thin-film solar cells, they tend to introduce 
metallurgical problems due to excessive alloying and/or 
diffusion of the substrate material with and/or into the 
semiconductor film during subsequent processing steps. 
Some form of passivation layer is needed to prevent 
interaction of such substrates with the semiconductor 
layers. The solution to this problem is to coat the sub- 
strate with a passivation layer (PL). The criteria for 
choosing the material for the PL can be described as 
follows: (1) the rate of interdiffusion of the substrate and 
the Ge or GaAs semiconductor layer through the PL 
should be small; (2) the loss-rate of the PL into the 
adjacent materials should be small; (3) the PL should be 
thermodynamically stable; (4) there should be strong 
adhesion between the PL and the adjacent materials; (5) 
the PL should be pinhole free; (6) the PL should be 
resistant to thermal and mechanical stresses; (7) the 
specific contact resistance between the PL and the adja- 
cent materials should be small; and (8) the PL should be 
thermally and electrically conducting. All these condi- 
tions may not be fulfilled at once, necessitating a com- 
promise. In determining what compromise, an empirical 
approach is used due to lack of experimental data asso- 
ciated with most coatings. Because of the demonstrated 
usefulness of tungsten, W, in terms of the Ge bonding, 
wetability, and Ge crystallite size upon recrystalliza- 
tion, studies on the use of thin chemical vapor deposit 
(GVD) coatings of W, or of tungsten-carbon (WC) 
alloys in conjunction with Ni-plated layers on steel, 
were investigated and found to be satisfactory. The 
purpose of the Ni coating is to improve bonding be- 
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tween the W and the steel, but it is not a necessary with the present conditions of background temperature 
condition. and laser power. 

Tungsten films are deposited by reduction of WF6 in From this investigation, it has thus been demon- 
H2 (WF6+3H2+W+6HF) at 550 C-570 C. To test the strated that for solar cells made in accordance with the 
effectiveness of W thus deposited as a passivation layer, 5 present invention using low-cost conductive materials, 
sheets of Ni were coated and later sheared or sawed to a passivation layer may be required to prevent interac- 
a standard substrate size of 22x22 mm on which subse- tion of the low-cost substrates with the semiconductor 
quently 0.1 microns of Si and 10 microns of Ge were layers, and that the proper passivation layer material to 
deposited. The thin Si layer served to promote the use may be determined empirically. For the example of 
bonding of Ge to W. Energy dispersion analysis by 10 steel with a nickel coating to improve contact (bonding) 
X-ray (EDAX) showed that at low laser-power levels of the passivation layer, tungsten or preferably an alloy 
(< 30 watts), no Ni appeared on the top surface after of 1% carbon in tungsten has been successfully used. 
recrystallizing the Ge with 530 C background-heating Since bonding is a separate problem that may not be 
temperature. Only when the laser power was increased significant, or which can be solved by use of other 
to 50 watts, with other conditions unchanged, were 15 coating techniques, it is clear that for a steel substrate, 
considerable amounts of Ni seen on the surface. the passivation layer may be tungsten or a tungsten-car- 

The effectiveness of the CVD W film as a passivation bon alloy. For other low-cost conductive materials used 
layer is thus seen to be poor at higher-laser levels. When as substrates in solar cells made in accordance with the 
the laser power was further increased to 80 watts with present invention, still better material may be found for 
all other conditions fixed, total failure of the W film as 20 use as a passivation layer, but a good initial selection of 
a passivation layer was evident from the observation of material is tungsten, an alloy of tungsten and carbon, or 
excessive alloying between Ge and Ni. conductive borides, carbides, or nitrides of titanium, 

Further investigation of W for use as a passivation chromium, zirconium, niobium, molybdenum, tantalum 
layer was made by analyzing a cross-section of one of and tungsten. 
the recrystallized samples with an electron microprobe. 25 Although particular embodiments of the invention 
This analysis showed that the area under the center of have been described and illustrated herein, it is recog- 
the laser heating had excessive migration of Si and Ge nized that modifications and variations may readily 
through the W passivation layer into the Ni substrate. In occur to those skilled in the art and consequently, it is 
addition, the Ni penetrated through microcracks of the intended that the claims be interpreted to cover such 
W passivation layer and alloyed with the Ge. 

Since these CVD W samples were subjected to shear- What is claimed is: 
ing and sawing before the deposition of Ge, the question 1. In a Schottky barrier solar cell for converting 
arises as to whether the cutting process introduced incident light energy to electrical energy, said cell in- 
stress in the CVD layer, thereby inducing microcracks. cluding means for supporting an active layer of a semi- 
Therefore, CVD W films were deposited on Ni sheet 35 conductor material which includes arsenic as one of its 
substrates precut to the 22 X 22 mm size. In addition, constituents and a layer of semitransparent metal, which 
different growth-temperatures (400 C-900 C) were used together with said semiconductor layer forms a 
to vary the built-in stresses due to mismatches between Schottky barrier, and through which light reaches said 
the W layer and Ni sheet. Hydrogen-to-WF6 gas ratios semiconductor active layer, the improvement compris- 
were also varied with the temperature in order to main- 40 ing: 
tain the desired fine-grain, noncolumnar growth of W. an interfacial oxide layer between said active semi- 
These samples did show reduced diffusion of Ni conductor layer and said metal layer, said oxide 
through the W and Ge films after recrystallization. layer being characterized by including arsenic in an 
However, unacceptable amounts of Ni and other metal- oxidation state of not less than +3. 
lic contaminations still appeared randomly with the 45 2. The improvement as described in claim 1 wherein 
standard amount of background heating (530 C) and said active semiconductor material is a material selected 
laser power (60-80 watts). from a class consisting of gallium arsenide and its ter- 

Subsequently, deposition of CVD W and W:C (1%) nary compounds. 
coatings (CM-500) prepared by Chemetal Company, 3. The improvement as described in claim 1 wherein 
Pacoima, California, on C1018 low-carbon steel sub- 50 the thickness of said interfacial oxide layer is not more 
strates were tested. The steel substrates had first been than about 100 angstroms. 
plated with a thin Ni coating to improve the bonding of 4. The improvement as described in claim 3 wherein 
the CVD coatings. Conventional thickness of Si (0.1 the thickness of said interfacial oxide layer is on the 
microns) and Ge (10 microns) were then e-gun depos- order of not more than 50 angstroms. 
ited and the samples recrystallized with 530 C back- 55 5. The improvement as described in claim 3 wherein 
ground heating and 80 watts of laser power. A scanning said active semiconductor material is a material selected 
electron microscope (SEM) photograph of the recrys- from a class consisting of gallium arsenide and its ter- 
tallized Ge/Si/CMSOO/Ni/Steel substrate shows small, nary compounds. 
light lumps of tungsten-germanium alloys as is usually 6. The improvement as described in claim 1 wherein 
seen with bulk W sheet. A large, light lump of Cu was 60 the arsenic is in an oxidation state, definable as OS, 
also found and believed to be due to contamination from where +3 <OS5 + 5, and the thickness of said interfa- 
the e-gun hearth. That problem of Cu contamination cial oxide layer is not more than about 50 angstroms. 
can, of course, be avoided in producing Schottky bar- 7. The improvement as described in claim 6 wherein 
rier solar cells. No evidence of Ni or Fe was seen, indi- said active semiconductor material is a material selected 
cating that CM500 coatings may act as a passivation 65 from the class consisting of gallium arsenide and its 
layer for low-cost C1018 steel substrates. However, the ternary compounds. 

30 modifications and equivalents. 

problem of W and Ge alloying still remains, at least * * * * *  


