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BACKGROUND OF THE INVENTION
15 [0004] The present invention relates to multijunction solar cells, and in particular to high

efficiency solar cells comprised of III-V semiconductor alloys.

[0005] Multijunction solar cells made primarily of III-V semiconductor alloys are known to
produce solar cell efficiencies exceeding efficiencies of other types of photovoltaic materials.
Such alloys are combinations of elements drawn from columns III and V of the standard

20  Periodic Table, identified hereinafter by their standard chemical symbols, names and
abbreviation. (Those of skill in the art can identify their class of semiconductor properties by
class without specific reference to their column.) The high efficiencies of these solar cells
make them attractive for terrestrial concentrating photovoltaic systems and systems designed
to operate in outer space. Multijunction solar cells with efficiencies above 40% under

25  concentrations equivalent to several hundred suns have been reported. The known highest
efficiency devices have three subcells with each subcell consisting of a functional p-n
junction and other layers, such as front and back surface field layers. These subcells are
connected through tunnel junctions, and the dominant layers are either lattice matched to the
underlying substrate or are grown over metamorphic layers. Lattice-matched devices and

30  designs are desirable because they have proven reliability and because they use less

semiconductor material than metamorphic solar cells, which require relatively thick buffer
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A son, "Projected Performance of Three and Four-Junction Devices Using GaAs
and Galkipwi BepHeRgateipg phot ovol t ai cs Speci al i sts Conference, 1997, pp.
875-878. Gai _xIn"NyAsi_y has been identified as such a 1 eV material, but
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see, e.g., J. Ptak et .al., Jo al.. of l,i ed Physi.cs .98 {2005) 094501.
This h OWQ@Pt_&tfP?tFrb%ﬁtﬂéf’d % ﬁwml%ﬁaﬁﬁcf ?‘a?‘gﬂg? e R "ié (L
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var i ousstmohcedtscrbidoaioveby seplaaimgithe botomNisisbytitnasith e genciiap asde ghted Wit h
the r epcﬁffter%(rjlt material that produces a higher voltage.

25  [0008] In addition, it has been suggested that the use of this 1 eV material might be
considered as a fourth junction to take advantage of the entire portion of the spectrum lying
between 0.7 eV (the band gap for germanium) and 1.1 eV (the upper end of the range of
bandgaps for the ~1 €V layer). See for example, S. R. Kurtz, D. Myers, and J. M. Olson,
”Projected Performance of Three and Four-Junction Devices Using GaAs and GalnP,” 26th

30 IEEE Photovoltaics Specialists Conference, 1997, pp. 875-878. GaiInNyAs;., has been
identified as such a 1 eV material, but currents high enough to match the other subcells have
not been achieved, see, e.g., A. J. Ptak et al., Journal of Applied Physics 98 (2005) 094501.
This has been attributed to low minority carrier diffusion lengths that prevent effective

photocarrier collection. Solar subcell design composed of gallium, indium, nitrogen, arsenic
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at least 0.9 eV, namely, Ga;xInyNyAs;.y.,Sb, with a low antimony (Sb) content and with
25  enhanced indium (In) content and enhanced nitrogen (N) content as compared with known
alloys of GaInNAsSb, achieving substantial lattice matching to GaAs and Ge substrates and
providing both high short circuit currents and high open circuit voltages in GalnNAsSb
subcells suitable for use in multijunction solar cells. The composition ranges for Ga;.
JInNyAs; ,Sb, are 0.07 <x <0.18, 0.025 <y <0.04 and 0.001 <z<0.03. These
30  composition ranges employ greater fractions of In and N in GalnNAsSb than previously
taught and allow the creation of subcells with bandgaps that are design-tunable in the range
of 0.9 - 1.1 eV, which is the range of interest for GaInNAsSb subcells. This composition

range alloy will hereinafter be denoted “low-antimony, enhanced indium-and-nitrogen

GalnNAsSb” alloy. Subcells of such an alloy can be grown by molecular beam epitaxy



[ 0010] The invention described herein reflects a further refinenment of work
described in U S. Patent Application Serial No. 12/217,818, including the
di scover yweandivdamti fi cati on of 5specific ranges of el ememus2010/061635 a
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det ai | q.ﬂ_at?ﬁpgﬂ}gtsigglif&raﬂﬁfﬂf]e%s%hijo%aﬂcleloﬁﬁ{er %él&%d%’la?&(eﬁ‘ﬂp' e GalnNAsSb subcell .

[ 0016] Figu a grap ow ng the efficiency versus band gap energy of
subcel | formed fromdjfferent alloy mategials, for conparisgn, [0017]

Fi gure g aTB5 BB feber Prtsm@fliga? TRE FUtRE fselﬁmymgﬁata@ﬁ%n circuit
vol t aggeb¥PioRfin SREShdrSwitR tHERA Shpmytlid dighat. al oy materials, for
conpari son. [0018] Figure 5 1s a“graph show ng the photocurrent as a

function of voltage for a triple junction solar cell incorporating a
subcel | according to the invention, under 1-sun AML.5D 25i |l um nati on.

[0@39] Figure 6 is a gBREPF PENWRIGTIOR GINPHECHRAGINGS a function of
voltage for a triple junction solar cell incorporating a subcell according

t o t he [PM2ntFigwe ldnigarschomatBrerpsst sgatioraef athresquisiighesplar el Be@powatisg WO
2011/1 T[ US2010/ 061635 [0020] Figure 7 is a graph of the short
circui?ﬁ%§§$§%@“(J") and open circuit voltage (Voc) of |low Sb, enhanced In
and N Gal nNAsSb subcel I s, di stinguished by the strain inpartod to the film
by t he [8Q&4t (FHgwe 180 pArhemtispsoysrspatianeiafomyunetigpesqiarorll incorporating the

invention.

15 [0014] Figure 2A is a schematic cross-section of a GaInNAsSb subcell according to the

invention.

[0015] Figure 2B is a detailed schematic cross-section illustrating an example GaInNAsSb

subcell.

[0016] Figure 3 is a graph showing the efficiency versus band gap energy of subcells

20 formed from different alloy materials, for comparison.

[0017] Figure 4 is a plot showing the short circuit current (J.) and open circuit voltage

(Vo) of subcells formed from different alloy materials, for comparison.

[0018] Tigure 5 is a graph showing the photocurrent as a function of voltage for a triple
junction solar cell incorporating a subcell according to the invention, under 1-sun AM1.5D

25  illumination.

[0019] Figure 6 is a graph showing the photocurrent as a function of voltage for a triple
junction solar cell incorporating a subcell according to the invention, under AM1.5D

illumination equivalent to 523 suns.



[0021] Figure |Ais a schematic cross-section showi ng an exanple of a
triple junction solar cell 10 according to the invention consisting
essent i alwg 20f1/@316@w Sb, enhanced In and N Gal nNAsSb sulpcelus2did/oadpacent
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according to the invention. The low Sb, enhanced I'n and”N Gal nNAsSb subcel |

12 is tldyer.eindmenychanzcnadfomethetpphariayetsse of | ow Sb, enhanced In and N
Gal nNAsSb as the base |ayer 220 in the subcell 12. O her conponents of the

Gal nNAY6R23 Ubic®l Kb lehhahdealTHhd B @AnBINsED Stibcdfls m@P abpibean@rpdra@atntsur f ace
field 28 and back surface field 30, are preferably I11-V alloys, including

by lhay rexfltissegiion solazseinmith Soyr or mpasy juneliersawitheay deperting fam the siget anthe | ow

Sh, en ce - - y. et he r By pe,
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. 2B re WO
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substrat not shown). These, al |l oy caonpositions re verified.b ondary
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above thay @atay beiddmyths.otiidilayefs.| t er was appropri ate because a Gal nNAsSb
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stack ((@ozB]. BY 98y of AraiedilkBiratic)8id DUSs hisehdimaBic chdsglsestionriapedaes dedalll not
reach the subcel | 12. ) ) _

25  of a GalnNAsSb subcell 12, according to the invention. The low Sb, enhanced In and N
GalnNAsSb subcell 12 is therefore characterized by its use of low Sb, enhanced In and N
GalnNAsSb as the base layer 220 in the subcell 12. Other components of the GalnNAsSb
subcell 12, including an emitter 26, an optional front surface field 28 and back surface field
30, are preferably I1I-V alloys, including by way of example GaInNAs(Sb), (In)(Al)GaAs,

30  (ADInGaP or Ge. The low Sb, enhanced In and N GalnNAsSb base 220 may either be p-type

or n-type, with an emitter 26 of the opposite type.

[0024] To determine the effect of Sb on enhanced In and N GalnNAsSb subcell

performance, various subcells of the type (12) of the structure shown in Fig. 2B were
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conpr esi Nigh bERdiéRly Ml BNBcEANSIIEIRNS, la¥ 19WHIRGIin PRSAe §i rcuit vol tages than
those under tensile stral n. [0029] Low Sb, enhanced In and N,

conpr es[ﬁbi’()e]\ | yFl%ure so con rmNA}?a‘?%b lajlst? &4 le?erlrolﬁél gffec(? on voltage, as previously

25  reported for other alloy compositions. However, in contrast to what has been previously
reported for other alloy compositions, the addition of antimony does NOT decrease the short
circuit current. The low Sb-type subcells have roughly 100 mV higher open-circuit voltages
than the high Sb-type subcells. To illustrate the effect of this improvement, a triple-junction
solar cell 10 with an open circuit voltage of 3.1 V is found to have 3.3% higher relative

30  efficiency compared to an otherwise identical cell with an open circuit voltage of 3.0 V.
Thus, the inclusion of Sb in GaInNAs(Sb) solar cells is necessary to produce sufficient
current for a high efficiency solar cell, but only by using low Sb (0.1-3%) can both high

voltages and high currents be achieved.



successfully integrated into high efficiency nultijunction solar cells.
Figure 5 shows a current-voltage curve of a triple-junction solar cell of
the strucworeiin3fsgure 1A under AML.SD il lum nation eqmtwammnmmsnni sun.
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an enhaméleasmal&m:@valmedclémceﬁ@nm(wﬁma@&Srﬁliam)ogen (N) content for use
in a selected subcell of a 5nultijunction solar cell, to achieve a bandgap
of at 1[6628] OFigueV. shbids Theshoetgiesit cieentaad opeh ng:uﬁtozo(tthgé of lbw Sthe adj acent
substrate being 2 selected frompthe group GaAs and Ge.,K 13. The conposition

accor dishgancgd éIP andiN GalpiNosgbmssily grawnroalrﬁ%s FUhpirgtey undsr pompfepEye Sjrainsy
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mul tijunctron sol ar conprisi'ng: 2at least one su ri sing
GailOx| rexhinAsive yglzs‘&bentl,y haglichn open civewdinital tapesyth@( tBbje walet mn‘sﬂeastmre nhanced
indium (I n) content and enhanced nitrogen (N) content to achi eve 4a bandgap

of at 1jge2¥] OL&wSY; enhanced In and N, compressively-strained GaInNAsSb subcells have been
successfully integrated into high efficiency multijunction solar cells. Figure 5 shows a
current-voltage curve of a triple-junction solar cell of the structure in Figure 1A under
AM1.5D illumination equivalent to 1 sun. The efficiency of this device is 30.5%. Figure 6
15  shows the current-voltage curve of the triple junction solar cell operated under a

concentration equivalent to 523 suns, with an efficiency of 39.2%.

[0030] The invention has been explained with reference to specific embodiments. Other
embodiments will be evident to those of ordinary skill in the art. It is therefore not intended

for the invention to be limited, except as indicated by the appended claims.

20



15. The nmul tijunction solar cell according to claim4, the adjacent 2
substrate being selected fromthe group GaAs and Ge. 16. The nultijunction
sol ar celwoaorwongisag to claim4, the conposition 2range®Cirars2010/061635

Gai_xlg"ﬁyﬁsi ﬁ 282[ qg[ng 0.07 <x < 0.18, 0.025 <y < 0.04 and 0.001 <z <
0. 03. : nufacturing a nultijunction solar cell conprising:

2formng a first subcell of an alloy of Gai_"In"NyAsi_y ,Sh, ,

3antinony (Sb) cant entaANRyeRRAISIEEN SMEITOL bibstaaat [efice A HRR

with a | ow
nced

nitrogen (N) content, 4the conposition being selected to achieve at |east a
0. 92 eV subatraifaqempaistnesj oi ning the first subcell with at |east one adjacent

subgell to form the
claim7, the con%%%?ngg

b 81 ) Mgy My P GAGEE: 0 0

0.07 < x <

0. 18, Gnddah (fh)¥orteft 44 cahshd@d @8dogen INFcdht@ fordRe The seredtbbshibaeltof dli ng to

claim7, the Gai., | nxNyAsi_y , Sb,
mat &hedyiguactioinpiar sk te arevedbindgap phet leashil <¥ans and Ge.

subcel |l 4 being substantially lattice

1 2. The composition according to claim 1, the adjacent substrate being

2 selected from the group GaAs and Ge.

1 3. The composition according to claim 1, the composition ranges for Ga.

2 InWNyAs;y.,Sb, being 0.07 <x<0.18, 0.025 <y <0.04 and 0.001 <z <0.03.

1 4. A multijunction solar cell comprising:

2 at least one subcell comprising Ga;xInyNyAs;.y.,Sb, , with a low antimony

3 (Sb) content and enhanced indium (In) content and enhanced nitrogen (N) content to achieve

4  abandgap of at least 0.9 eV.

1 5. The multijunction solar cell according to claim 4, the adjacent
substrate being selected from the group GaAs and Ge.

1 6. The multijunction solar cell according to claim 4, the composition

2 ranges for GajInNyAsi.y.,Sb, being 0.07 <x <0.18, 0.025 <y <0.04 and 0.001 <£z<0.03.

1 7. A method for manufacturing a multijunction solar cell comprising:

2 forming a first subcell of an alloy of Ga;.xInNyAs;.y.,Sb, , with a low

3 antimony (Sb) content and enhanced indium (In) content and enhanced nitrogen (IN) content,

4  the composition being selected to achieve at least a 0.9 eV bandgap; and

5 joining the first subcell with at least one adjacent subcell to form the

6  multijunction solar cell.

1 8. The method according to claim 7, the composition ranges for Ga;.

2 IngNyAsy.y.,Sb, being 0.07 <x <0.18, 0.025 <y <0.04 and 0.001 <z <0.03.

3 9, The method according to claim 7, the Gay.InNyAsi.,.,Sb, subcell

4  being substantially lattice matched to a substrate selected from the group GaAs and Ge.



