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elements, and/or varying the thickness of consecutive quantum well layers, within consecutively formed quantum wells provides for

O an increase in absorption across a greater range of the available solar spectrum.
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VARYING BANDGAP SOLAR CELL
FIELD OF THE INVENTION
The present invention relates to a solar cell and, particularly, to a solar

cell design inCorporating multiple quantum wells.
BACKGROUND OF THE INVENTION .
Semiconductor solar cells, such as indium gallium nitride (InGaN)

cells, have the potential to improve the efficiency of existing solar capture
technology. InGaN, in particular, shows great promise as a solar cell
semiconductor material due to its tuneable direct bandgap which can vary
from about 0.67eV to about 3.4 eV as the indium content in the In,Ga,N
layer Changes from 0.0 to 1.0 and thereby demonstrates absorption across
almost the entire solar spectrum. InGaN possesses further useful properties
such as a high carrier mobility, high saturation velocity and reasonable
resistance to high temperatures and radiation. v |

Typically, in forming such sblar cells, GaN Iayérs will be employed as
the base or underlying epitaxial layer on which relatively high indium content
InGaN layers afe grown to enable the desired absorption efficiency to be
achieved. One groblem with this approach is the high strain which develops
due to the large lattice mismatch between In,Ga.,N and GaN which can lead
to undesirable consequences such as phase separation and misfit
dislocations. This makes the growth of relatively thick InGaN layers, which
would be useful for increasing absorption of solar energy, a difficult approach
in practice. _ '

One solution which has been proposed is the use of multiple quantum
wells (MQW) within the structure. Each quantum well (QW) is a very thin
layer of semiconductor material which demonstrates a low bandgap and is
sandwiched between two barrier layers of higher bandgap. The use of
multiple quantum wells is a viable approach when dealing with
semiconductor materials, such as InGaN, which have high optical absorption
coefficients and therefore very thin layers of the material may provide a
sufficient level of absorption. '

PCT/AU2012/001152
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The use of these low dimensional multiple quantum wells of, for
example, InGaN, enables high quality crystalline layers to be formed by
comparison to thicker InGaN layers and so interlayer strain and phase
separation are greatly reduced while providing the further benefit of
quantized energy levels. '

o However, to date, prior art examples of the use of multiple quantum
wells in solar cells have suffered from less than optimal light absorption as
well as significant polarization-related charges thereby resulting in relatively
low energy conversion of sunlight to electrical energy.

U.S. patent publication no. 2011/0220190 proposes the use of a

‘graded buffer layer in a solar cell, which can comprise InGaAs, GaAs,

AlGaAs, InGaP, AlGalnP and AlGalnAs. These materials are used for group
I1-V (multi-junction) solar cells, in which the group V elements are As and/or

P,

U.S. patent publication no. 2011/0197956 describes the use of layers
comprising an amorphous SiGe layer, or a mixed layer of a-Si and pc-Si, ora
mixed layer of a-Si and poly-Si as a transition Iaye’r or a tunnelling junction
between a'large bandgap light absorption layer, such as a-Si, and a small
bandgap ‘light absorption layer, such as c-Si. It contemplates that the

. transition layer may have a gradually varying bandgap achieved, for

example, by continuously changing the hydrogen content in a process gas
during film formation to thereby change the crystallinity of the Si layer. For
example, a layer with a-Si (crystallinity=0%) gradually varied into pe-Si
(crystallinity=60 to 100%).
' US2009/0255580 describes the use of quantum dots of different size
in quantum dot solar cells. Quantum dot solar cells and quanfum well solar
cells are treated separétely in the industry due to the differing structure
meaning the drawing of Comparisons is unreliable. Thus, for non-quantum
dot solar cells this document offers little assistance. _

WO 2000/077861 describes a device comprising a number of different
wavelength-selective active layers arranged in a vertical stack with

PCT/AU2012/001152
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monotonically decreasing bandgaps. Within each layer, the béndgap
remains the same, while in the subsequent layer underneath the bandéap

decreases. The contacts are made separately on the lateral sides of each

layer. The document mentions the use of these thin film layer structures for
possible solar cell applications but with the primary emphasis on imagery
applications. It mentions that the use of quantum wells with ultra-wide band-
gap semiconductors or insulators would not enable the necessary ohmic
contacts across the layers in the stack. This document therefore does not
provide a satisfactory solution to the problems discussed above.

There is a need for a solar cell which can harness the advantages of
multiple quantum wells while improving light absorption and therefore overall
efficiency.

SUMMARY OF THE INVENTION
" In one broad form, the present invention resides in a solar cell

comprising a multiple quantum well active region wherein the composition of
each quantum well layer differs from that of neighbouring or consecutive
quantum well layers. | |
In a first aspect, although it need not be the only or indeed the
broadest form, the invention resides in a solar cell comprising: |
(@) afirst junction layer;
(b) asecond junction layer; and
(c) an active region between the first and second junction
| ‘layers, the active region comprising a plurality of quantum
well layers each of which is sandwiched between barrier
layers, ) | ‘
~ wherein, consecutive quantum well layers have different bandgap
values due to variations in the thickness of the layers and/or their having
differing compositions of at least one of their constituent elements.
Preferably, the bandgap of consecutive quantdm well layers
decreases on moving away from a surface of the solar cell upon which, in
use, sunlight will be incident. -

PCT/AU2012/001152
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Suitably, the constituent element may be at least two group Hl to group
VI elements. |

When the coristituent element is a group Il element it may be selected
from the group consisting of zinc, magnesium, beryllium and cadmium.

| When the constituent element is a group Ill element it may be

selected from the group consisting of boron, aluminium, gallium and indium.

When the constituent element is a group IV element it may be
selected from the group consisting of carbon, .silicori, germanium and
titanium. A ‘ o

When the constituent element is a group V element it may be selected
from the group consisting of nitrogén, phosphorus; arsenic and antimoriy.'

When the constituent element is a group VI element it may be

. selected from the group consisting of oxygen, tellurium, selenium and

sulphur. ,

The adjacent quantum well layers may present differing quantized
energy levels. |

Preferably, the content of at least one group Il to Vi element in
consecutive quantum well layers increases on moving further away from an
extent of the solar cell upon which, in use, sunlight is incident.

It will be appreciated that while the content of one group il to Vi
element in consecutive quantum well layers increases on moving further
away from an extent of the solar cell upon which, in use, sunlight is incident, -
another group Il to VI element content may decrease. For example, if the
quantum well layers were comprised of InGaN then the indium content may
increase and the gallium content decrease on moving further away from an

~ extent of the solar cell upon which, in use, sunlight is incident. Thus the

overall balance of group |l to VI elements is maintained.

Alternatively or in combination, the thickness of consecutive quantum
well layers decreases on moving further away from an extent of the solar cell |
upon Which, in use, sunlight is incident.

Inone embodiment, the composition of individual quantum well layers

PCT/AU2012/001152
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is substantially constant throughout their extent.

In an alternative embodiment, the composition of individual quéntum
well layers may vary in a continuous fashion on proceeding through the
quantum well layer from a region contacting one adjacent barrier layer to a
region contacting the other adjacent barrier layer. | |

" There may be overlap between the elemental composition of po'rtions
of consecutive quanturﬁ"well layers but it will be understood that the general
trend is that the relative content of the at least one constituent element will
increase, and the relative content of an associated or companion elemént
will decrease, in consecutive quantum well layers on moving away from that
quantum well layer closest, in use, to the inciden}t sunlight in such a way that"
the bangaps of the quantum well layers decrease as they move further away
from the sun facing layer.

Suitably, the quantum well layers comprise two or more constituent
elements and it is the relative content of at least two of these elements which
changes between different layers. | |

Preferably, the at least one constituent element which is differing in
content between quantum well layers is a group Ill element selected from the
group consisting of indium, aluminium and gallium.

More preferably, the group Il element which is di'ffering in content
between quantum well layers is indium.

The material forming the quantum well layers is preferably a group Il
to VI nitride, arsenide or phosphide. '

Preferably, the material forming the quantum well layers is a group Il|
nitride, arsenide or phosphide. ‘

More preferably, the material forming the quantum well layers is |
selected from the group consisting of indium gallium nitride, aluminium

indium gallium nitride, indium aluminium nitride, aluminium gallium nitride,

indium gallium arsenide, indium gallium arsenide nitride, aluminium indium

gallium arsenide nitride indium gallium phosphide, indium gallium arsenide
phosphide,'indium arsenide phosphide, indium aluminium arsenide and

PCT/AU2012/001152
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Even more preferably, the material formmg the quantum weIl layers is
|nd|um gallium nitride.

In a preferred embodiment wherein the quantum well layers are
formed from indium gallium nitride, the quantum well layer having the highest
bandgap and being located at the end of the solar cell closest to the surface
adapted to receive sunlight will be the quantUm well layer with the lowest

- indium content.

Suitably, each quantum well layer is less than 15 nm, preferably less
than 10 nm, more preferably less than 7 nm thick.

Preferably, each quantum well layer is between 1 to 5 nm thick, more
preferably about 3 nm thick. ‘ |

The barrier Iayer§ may be formed from the same or different materials
to the quantum well layers.

Preferably, the barrier Iayérs compriSe material selected from the
group consisting of gallium nitride, aluminium nitride, indium gallium nitride,
indium aluminium nitride and aluminium indium gallium nitride such that the
bandgaps of the barrier layers are higher than the bandgap of the
sandwiched quantum weII layer.

In one embodcment the solar cell further comprises one or more
blocking Iayers |

. Preferably, the one or more blocklng layers wnll have a hlgher
bandgap than the quantum well or barrier layers.

‘Suitably, for a p-i-n InGaNiGaN solar cell a p-AlGaN layer is present

 before the p-GaN layer and an n-AlGaN layer after the n-GaN layer.

Preferably, the solar cell is grown on a substrate selected from the
group consisting of sapphire, zinc, glass and other silicon based substrates.

~ Patterned sapphire substrates are particularly preferred.

~ In a second aspect the invention resideé in a method of forming a
solar cell comprising a multiple quantum well structure, the method including

- the steps of:

PCT/AU2012/001152
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(a) forming a barrier layer;

(b) forming a desired thickness of a quantum well layer comprising
at least one group Il to VI element on tdp of the barrier layer;

(¢) forming a further barrier layer on top of the exposed quantum
well layer such vthat‘ the quantum well layer is sandwiched
between the two barrier layers;

(d) forming a desired thickness of a further quantum well layer
comprising at least one group Il to VI element on top of the
exposed further barrier layer; and -

(e) repeating steps (c) to (d) to form a desired number of quantum

" wells wherein consecutive quantum well Iayers have different
R bandgap values due to variations in the thickness of the layers
and/or their having differing contents of the at least one group

_ Il to VI element, | '

to thereby form a solar cell comprising a multiple quantum well

structure. |

In one preferred embodiment, the content of the at least one group Il |

to VI element in consecutive quantum well layers increases on moving
further away from an extent of the solar cell upon which, in use, sunlight is
incident. |

In one embodiment, the at least one group Il to VI element content

within individual quantum well layers is substantially constant. |

In an alternative embodiment, the at least one group Il to VI element

content within individual quantum well layers may vary in a contindous
fashion on procéeding through the quantum well layer from a region

-contacting one adjacent barrier layer to a region contacting the other

. adjacent barrier layer.

The method may further include the step of forming a junction layer on
é substrate and subsequently forming the first barrier layer or quantum well
layer onn the junction layer.

The method may further include the step of forming a further junction

PCT/AU2012/001152
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layer on top of the final quantum well layer to be formed.

In an alternative embodiment, the method may include the step of
forming the multiple guantum well structure such that the content of the at
least one group Il to VI element in consecutive quantum well Iéyers
decreases on mdving further away from an extent of the solar cell upon
which, in use, sunlight is incident. _

In this alternative embodiment, the method may further include the
step of separating the multiple quantum well structure from an underlying
substrate and reversing the structure such that the content of the at least one
group I to VI element in consecutive quantum well layers increases on
moving further away from an extent of the solar cell upon which, in use,
sunlight is incident. | _

The solar cell of this alternative embodiment may be formed on a
transparent substrate. | _

In a third aspect the invention resides in a solar cell formed by the
method of the second aspect.

In a fourth aspect the invention resides in use of a solar cell of the
third aspect. | ’

Fuﬂher features of the present invention will become apparent from
the following detailed description. v | ,

Throughout this specification, unless the context requires otherwise,
the words “comprise”, “comprises” and “comprising” will be understood to
imply the inclusion of a stated integer or group of integers but not the
exclusion of any other integer or group of integers. |

BRIEF DESCRIPTION OF THE FIGURES ‘

In o_rder that the invention may be readily understood and pht into

practical effect, preferred embodiments will now be described by way of
example with reference to thé accompanying figures wherein: ,

" FIG 1 shows a schematic represéntation of a first embodiment ofa~
multiple quantum well solar cell; |
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FIG 2 shows a schematic representation of a second embodiment of a
multiple quantum well solar cell; ‘

FIG 3 shows a diagramrhatic répresentation of experimentally
obtained I-V characteristics of the multiple quantum well solar cell of FIG 1;

FIG 4 shows a diagrammatic representation of experimentally
obtained characteristics I-V of two muitiple quantum well solar cells; and

FIG § shows a diagrammatic representation of experimentally
obtained external quantum efficiency and internal quantum efficiency
characteristics of the multiple quantum well solar cells of FIG 4.

DETAILED DESCRIPTION OF THE INVENTION
This invention is predicated on the finding that an improved multiple

quantum well solar cell can be achieved by ensuring the bandgap of each
quantum well thin layer is not uniform compared with other such layers. It -
has been found that a gradation of the bandgap by varying the content of at
least one, and typically at least two, group |l to VI elements, such as the
indium and gallium relative contents within InGaN, within consecutively
formed quantum wells provides advantages in at least an increase in
absorption across a greater range of the avéilable solar spectrum. The same
advantages may be obtained by instead, or in combination, varying the

‘thickness of consecutive quantum well layers.

The semiconductor materials which may be employed with the

- present solar cells, and hence the nature of the layers which can be formed, |

are not especially limited. Although the embodiments discussed herein
generally employ InGaN as the QW material and GaN for the barrier and p-
and n-junction layers, the utility of the present invention is not so limited.
FIG 1 shows a schematic representation of a first embodiment of an
MQW solar cell (PV A). FIG 1 is equivalent to the structure represented in
Table 1 which provides further detail on the individual layers. Solar cell 10 is
generally seen to comprise a p-i-n junction structure with a first junction layer
20 being an n-GaN layer with a thickness of about 1000 nm and a dopant
concentration of 119 per cm®. An actiye region is present located on the first

PCT/AU2012/001152
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jUnction layer 20 and is comprised of alternating barrier layers 30 and QW
layers 40. Each QW layer 40 is, therefore, sandwiched between two barrier
layers 30 to form a quantum well.

In the embodiment shown, an i-inGaN semiconductor material forms
the QW layers 40 and it will be noted that the composition of each layer 40is
different from that of an adjacent layer 40. A second junction layer 50 is a p-
GaN layer and results in the active region being located between the first
junction layer 20 and the second junction layer 50. Table 1 indicates that the
p-GaN layer is approximately 150 nm thick with a doping concentration of
1e18 per cm’. | |

In the embodi.ment represented by FIG 1 and Table 1, the solar cell
10 is designed such that an end comprising the second junction layer 50 will
be exposed to the sun. In going from the first junction layer 20 to the second
junction layer 50 it can be seen that the indium content of each consecutive
Qw layer 40 decreases in a step-wise fashion from a maximum of
Ino.15GagasN, in layer number 3 of Table 1, (15% indium content) to a
minimum of Ing o1Gap goN in layer number 31 of Table 1 (1% indium content).
Thus, the indium content within each individual QW layer 40 is substantially
constant but varies from one layer 40 to another.

The thickness of each quantum well layer is less than 15 nm,
preferably less than 10 nm, more preferably less than 7 nm thick.

Preferably, each quantum well layer is between 1.to’ 5 nm thick, more
preferably about 3 nm thick. .

Although not éhown in FIG 1, the solar cell 10 will be grown on a
suitable substrate, such as sapphire. Further standard componerfts may also -
be present, such as p- and n-contacts, antireflection layers on the sun-facing
side, light reflectors at the back side, tunnelling layers, etc, which are not
shown in FIG 1 but which may be necessary for the working of the solar cell
10 and which would be apparent to a skilled addressee.

Itis preferred that the QW layer 40 closest to the incoming sunlight, in -
the case of Table 1 this is layer number 31, should have a higher bandgap- '

PCT/AU2012/001152
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and therefore lower indium content than successive QW layers 40. The
indium content of the QW layer cIoseSt to the incoming sunlight may be
between 0% to 100%, preferably between 0.5% and 50%, more preferably
between 1% to 40%. Successive QW layers may have an indium content
which increases incrementally from this value up to a desired maximum.

The QW layers 40 may be formed from any suitable semiconductor
material comprising two or more group Il to VI elements. Preferably, at least
one of the group Il to VI elements is a group lll element selected from the
group consisting of indium, aluminium and gallium and another may be a
group V element selected from the group con5|st|ng of nltrogen phosphorus,
arsenic and antimony. _ ’

". The material-forming the QW layers 40 is preferably a group Il nitride,

group lll arsenide, group lll arsenide nitride or group lil arsénide-phosphide.

Preferably, the material forming the QW layers 40 is selected from the
group consisting of indium gallium nitride, aluminium indium gallium nitride,
indium aluminium nitride, aluminium gallium nitride, indium gallium arsenide,
indium gallium arsenide nitride, aluminium indium gallium arsenide nitride
indium gallium phosphide, indium gallium arsenide phosphide, indium
arsenide phosphide; indium aluminium arsenide and indium aluminium
gallium arsenide. |
' More preferably, the material forming the quantum well layers is.
indium gallium nitride. A discussed a;bove, InGaN shows grea(t promise as a

~ solar cell semiconductor material due to its tuneable direct bandgap and

absorption across almost the entire solar spectrum as well as demonstrating
further useful properties such as a high carrier mobility, high saturation
velocity and reasonable resistance to high temperatures and radiation.
Differing embodiments of the MQW solarr cell structures may present |
a wide range in the actual number of quantum wells present. Any number of
individual quantum wells between 2 to about 150 may be appropriate so long
as the resulting structure is capable of appropriate absorption of sunlight.

Preferably, between about 5 to about 100 quantum well layers may be

PCT/AU2012/001152
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present in the solar cell, more preferably, between about 5 fo about 80.
Each barrier layer 30 may be formed from the same or different

materials as the QW layers 40. For example, the barrier layers 30 may be

formed from gallium nitride, aluminium nitride, indium gallium nitride, indium

* aluminium nitride or aluminium indium gallium nitride so that the bandgaps of

the barrier layers are higher than the bandgap of the sandwiched quantum
well layer. Preferably, the barrier layers are gallium nitride layers.

- The bérrier layers 30 may be between 3 nm to 100 nm thick,
preferably between 7 nm to 50 nm thick, more preferably between 10 nm to
30 nm thick and yet more preferably between 10 to 20 nm thick.

The barrier layers 30 should have a higher bandgap than the QW
layer 40 which is sandwiched in between them. This may be achieved by the
choice of material and/or thickness of the barrier layers 30. Otherwise the
nature of the barrier layers 30 is not particularly restricted. v

Although, the embodiment of FIG 1, is, as discussed, a p-i-n structure,
i.e. the sun facing end of the solar cell is a p-layer and an n-layer is adjacent
the substrate end, it is also considered within the scope of the present
invention to provide for n-i-p solar cells, in which the sun facing side of the
solar cell is an n-layer and the p-layer is adjacent the substrate end. The
thickness of the n- and p-layers may be chosen based on the order of their
growth and will preferably range between about 2500 nm and 30 nm,
preferably between about 1000 nm and 50 nm. Typically, thé sun facing n- or

- p-layer is the thinner of the two. The n and p layers may be doped highly to

assist in minimising polarization effects. The doping level of the QW layers
40, i.e. the i-layer or intrinsic layer as set out in Table ’1,' should be kept
relatively low. _

FIG 2 shows a schematic representation of a second embodiment of a
multiple quantum well solar cell. As was seen for FIG 1, the solar cell 100
comprises an active region of MQWs sandwiched between a first junction
layer 120 of n-GaN and a second junction layer 150 of p-GaN. The active |
region MQWs are made up of ,barri_er layers 130 sandwiching QW layers

PCT/AU2012/001152
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140. It will be appreciated that the only difference between the embodiment
shown in FIG 2 and that of FIG 1 is that the effective order of the QW layers
140, in terms of their indium content, has been reversed. That is, the lowest
indium content layer of 1% indium is situated closest to the n—GaN first
junction layer 120 and therefore furthest away from the incident simlight. The
indium content of each successive or consecutive QW layer 140 increases in
a step-wise fashion from that value up to 15% in the QW layer 140 closest to
the sun-facing surface of the solar cell 100. Otherwise, all comments made
in relation to the embodiment shown in FIG 1, such as the nature ‘of the
materials and placement of n- and p- layers etc., are equally applicable to the
embodiment shown in FIG 2. . '
The advantage offered by the design of FIG 2 is in the quality of the

‘quantum layers 140 which can be grown. InGaN can be degraded at high

temperatures and so in the embodiment shown in FIG 1, wherein the highest
indium content layers are grown first, relatively low temperatures must be
used. When successive QW layers 40 are growh with lower indium content
these layers per se would be able to withstand higher growth temperatures
but the already formed high indium content layers would be degraded and so
all remaining QW layers 40 are limited in the temperature at which they can
be grown by the first grown, highest indium content layer. InGaN layers with

higher indium contents will have a relatively higher lattice mismatch with

adjacent GaN layers than those with low indium content and so the platform
provided for the building 6f successive QW 40 and barrier layers 30 is less
than optimal. ‘ |

: This problem can be avoided by growing the various layers of the
solar cell 100 in the order indicated by FIG 2. The lowest indium content
layers are grown first which means they can be grown at higher temperatures
which produces an InGaN QW layer 140 of improved Qua|ify having better
device properties. As successive QW layers 140 are formed the growth
temperéture can be progressively lowered to suit the particular indium
content of the forming layer which means each QW layer 140 is able to be

PCT/AU2012/001152
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grown at the optimal temperature to thereby provide a structure with- lower
lattice mismatch, and hence strain, and improved device properties.
As was mentioned in relation to FIG 1, it is preferred that the QW

. layer 140 of highest bandgap, i.e. lowest indium content, should be the

closest to the surface upon which the sun’s rays are incident. In the case of
the solar cell 100 a transparent substrate may be employed and the cell 100
oriented such that the substrate is close to the incident sunlight to allow this
to happen. Alternatively, the first junction layer 120, and hence the MQWs
and second junction layer 150 grown on top thereof, can be separated from
the substrate and the structure essentially turned upside down so that the
lowest indium content layer becomes the closest QW layer 140 to the sun.
As discussed for FIG 1, the location of the n-GaN and p-GaN méy be

.swapped and so both p-i-n and n-i-p structures are considered. Thus, the

embodiment shown in FIG 2 may merely represent the as-grown structure
having optimal strain and device characteristics but it will then be oriénted,'in
use, so as to more closely resemble the configuration of FIG 1.

In an alternative embodiment to those shown in FIGs 1 and 2 and .
exemplified in Table 1, the group |l to VI element content, for example the
relativévindium and gallium content, within each individual QW layer 40 and
140 may vary in. a continuous fashion on proceeding from the region
contacting one adjacent, upper, barrier layer 30 or 130 to the region

- contacting the other, lower, adjacent barrier layer 30 or 130.

For example, the lowest indium content QW layer 40 of FIG 1 may
have a compdsition in the region imniediately adjacent second junction layer
50 of Ingp1Gao.seN but the indium content of this layer gradually increases
until in the region closest to the adjacent barrier layer 30 the composition is
more like Ingg2Gag.gsN. .

There may be overlap between the group Il to VI element content of
portions of consecutive QW layers 40 but it will be understood that the
\general trend is that the overall content of the group Il to VI element will
increase in cohs_ecutive quantum well layers, in the manner shown in FIG 1.
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For example, the QW layer 40 discussed immediately above (closest to
second junction layer 50) may have a changing indium content such that it
proceeds from Ingg0Gas goN to Ingg2Gag gsN and the subsequent QW layer 40

. has an indium content starting at |no,o1Gao,99N and changing to about

Ing.03Gaoe7N at its lower extent. Thus the trend of subsequent QW layers 40
towards higher indium contents is maintained even when some overlap
between layers is apparent. ,

This embodiment comprising graded QW layers will provide a solar
cell with a useful range of absorption due to the variation in relative indium

~and gallium content achieved across the MQWs. The nature of the individual
| layers and the ability to swap junction layers efc is just as applicable to this

embodiment as to those discussed in relation to FIGs 1 and 2.

~ The variation in the bandgap of the individual quantum well layers,
which is key to the presént invention, may alternatively be achieved by
forming consecutive quantum well layers of the same composition and
varying the thickness of those layers. This can be achieved by control of
growth conditions and times.

" The variation in the bandgap of the individual quantum well layers
may also be achieved by varying the compoéition as well as the thickness of
consecutive quantum well layers. _

» Other variations within the embodiments discussed herei‘n may be
achieved. For example, the group [l to VI element content within the barrier
layers 30 or 130 does not necessarily need to remain constant throughout
the solar cell 10 or 100. Thus, the barrier layers 30 and 130 of FIGs 1 and 2
may have some indium content and this. may vary in association with the
gallium content from one barrier layer to the next much in the manner that
has been described for the QW layers 40 and 140. v

In one embodiment, the indium content within each individhal barrier
layer 30 and 130 is constant but will increase, and hence the gallium relative
content decrease, in a stepwise mannerin subsequént barrier layers 30 and
130 on moving further away from the incident sunlight surface. The barrier
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layer 30 or 130 having the lowest indium content should be closest to the
incident sunlight vsurfac'e and overall their bandgaps should be higher than
those of quantum well layers. N |

In an alternative embodiment, the indium content within each barrier
layer 30 or 130 may vary across its extent in exactly the manner described
for individual QW layers 40 and 140. The variation will likely be across a
small range of about 0.5 to 2.0% and subsequent barrier layers 30 or 130
may demonstrate an overlap in indium content but the overall trend will be
towards higher relative indium contents on moving to barrier layers 30 and
130 further from the sunlit surface. A variation in relative indium content
across the barrier layers 30 or 130 may assist with improved absorption
characteristics of ‘tHe solar cell 10 or 100 and may aid in reducing
problematic polarisation issues. |

The only limitation in the variation of the relative indium content within
barrier layers 30 and 130, both in a stepwise and a graded fashion, is that
the bandgap of any barrier layer 30 or 130 should be higher than that of any

~ of the QW layers 40 or 140. Thus, if the relative indium content of the QW

layers 40 or 140 is varied from a minimum of 15% to a maximum of 30%
then the relative indium content of the barrier layers 30 or 130 can only be
varied from 0 to 14.99%. |

In a further embodiment, the first and second junction layers, i.e. the
p- and n-layers which in FIGs 1 and 2 are doped GaN, may be formed of
InGaN and the relative indium content both between the two and within each
layer may be varied as discussed above in relation to the QW and/or barrier
layers. The main limitation on this is that the junction layer closest to the
sunlit surface, which could be a p- or n-layer, should have a higher bandgap
than the subsequent QW or barrier layers. An indium content in the junction
layers may help to reduce polarisation problems. _

In yet a further embodiment, the solar cell strug:tu}es described in any
of the above embodiments may include some strain balancing QW layers,
which will aid in reducing at least a portion of the accumulated strain in the
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structure. For example, the InGaN/GaN MQW solar cell structures may
contain some AlGaN or AIN thin layers, which can present an opposite strain
compared to that resulting from InGaN when grown on GaN. These AlGaN or
AIN thin layers will therefore help decrease the overall strain of the structure

. and may improve the performance of the solar cells. The structures may also

comprise other types of strain balancing thin or QW layers.

In one preferred embodiment, the solar cell stfucture may further
comprise one or moré blocking layers. The blocking layers may be formed
before or after the junction layers. |

Preferably, the blocking layers will have bandgaps higher than the QW
layers and barrier layers and should be capable of reducing or blocking the
flow of opposite/undesirable carriers to the p- or n-contacts. For example,
one blocking layer may block or reduce the flow of electrons to a p-contact of
a solar cell and another blocking layer may block or reduce the flow of holes

The blocking layers may be made from AlGaN, InAlGaN, AIN and
other similar materials which may optionally be suitably doped.

Suitably, fora p-i-n InGaN/GaN solar cell a p-AlGaN layer is present
before the p-GaN layer, which blocks or reduces the flow of electrons to the
p-GaN layer and an n-AlGaN layer which blocks or reduces the flow of holes
to the n-GaN layer is present after the n-GaN layer. \

it has been found that bIbcking. layers can improve the efficiency of a
solar cell,‘ as is demon.stra,ted in the results deséribed herein. In an ideal

solar cell, only holes will flow to a p-contact and electrons will flow to an n-

contact. However, the reality is that some electrons will inevitably flow to the

- p-contact and some holes will flow to the n-contact which results in a loss of

solar cell efficiency. The present invehtbr has found that, in a p-i-n
InGaN/GaN based solar cell such as that described in FIGs 1 and 2, if a p-
AlGaN layer is grown before the p-GaN layer and an n-AlGaN layer grown
after the n-GaN layer, the above mentioned phenomena can be 'greatly
reduced and the cell efficiency corréspondingly irhproved. AlGaN/GaN QW
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layers were grown and incorporated into a solar cell structure td form a
modified structure (PV B) in which the indium content in the QW "layers was
varied from 15-20 %. This structure is shown in Table 2.

~ Ithas also been realized that, as the indium content within InGaN QW
layers increases, the overall strain in the structure increases and hence the
quality of the grown layers deteriorates leading to reduced efficiency of the
solar cell. To mitigate this problem, in a further preferredl embodiment, the
present solar cells may be groWn on a patterned sapphire substrate (PSS)
instead of plain sapphire substrate, which were used in the gen‘eraﬁon of
solar cells PV A and PV B. A new structure (PV C) containing exactly the
same order and content of'layers as in PV B (as described ab‘ove) was
grown on a PSS. The structure is represented in Table 3 It will be
understood that the number of layers (N) shown in Tables 2 and 3 is not

“considered limiting and is simply by way of example. The number of layers in

a cell may be more or less depending on a number of factors including
manufacturing concerns, specific application etc. This would be understood
by the skilled addressee who could ascertain, without undue
experimentation, the preferred number of layers.

The substrate on which the solar cell structures are grown may be

chosen from a range of available substrates including gl\as's, silicon and
sapphire all of which may be modified or.un-modified. Modified substrates
may be doped appropriately. A patterned sapphire substrate is particularly
preferred. : :
Both structures PV B and PV C showed photovoltaic effects ihdicating
that varying band gap solér cells are viable options to achieve high energy
conversion efficiency and address or mitigate some of the issues fhat
currently plague InGaN/GaN solar cells. _ |

Thus, it has been found that a solar cell comprising InGaN quantum
well layers having varying bandgaps is particularly and unexpectedly
advantageous in terms of offering an increased'absorption of light within the
active layer, a reduced overall strain within the structure and reduced
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detrimental polarisation effects within p-i-n structures (Ga-faced GaN/InGaN

structures) along with improved advantageous polarisation effects in n-i-p

structures (Ga-faced GaN/InGaN structures).

Therefore, in one highly preferred embodiment a solar cell comprising:

(a)

(b)

()

a first junction layer;

a second junction layer; and

an active region between the first and second junction
layers, the active region comprising a plurality of InGaN
quantum well layers each of which is sandwiched between

barrier layers,

wherein, consecutive quantum well layers have different bandgap

| values due to variations in their indium and gallium content and the indium

content of consecutive quantum well layers increases on moving away from

a surface of the solar cell upon which, in use, sunlight will be incident.

The comments made in regard to FIGs 1 and 2 and the embodiments

described herein apply, mutatis mutandis, to the embodiment.

In a second aspect the invention resides in a method of forming a

solar cell comprising a multiple quantum well structure, the method including

the steps of:
(a)
(b)

(c)

(d)

(e)

\

forming a barrier layer;

forming a desired thidShess of}va 'quantum well layer
comprising at least one group Il to Vil element on top of the
barrier layer; :
forming a further barrier layer on top of the exposed
quantum well layer such that the quantum well layer is
sandwiched between the two barrier layers;

forming a desired thickness of a further quantum well layer
comprising at least one group Il to VI element on top of the
exposed further barrier layer; and

repeating steps (c) to (d) to form a desired number of

quantum wells wherein consecutive quantum well layers
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ﬁave different bandgap values due to variations in the
thickness of the layers-and/or their having differing
contents of the at least one ’group Il to VI element,

to thereby form a solar cell comprising a multiple quantum well
structure.

In one preferred embodiment, the content of the at least one group I
to VI element in consecutive quantum well layers increases on moving
further away from an extent of the solar cell upon which, in use, sunlight is
incident.

~ In one embodiment, the at least one group Il to VI element content
within individual quantum well layers is substantially con.stant.

Inan élternative embodiment, the at least one group Il to VI element
content within individual quantum well layers may vary in a continuous
fashion on proceeding through the quantum well layer from a region

" contacting one adjacent barrier layer to a region contacting the other

adjacent barrier layer.
The method may further include the step of forming a junction layer on
a substrate and subsequently forming the first barrier layer or quantum well
layer upon the junction layer. | ‘
The method may further include the step of forming a furtherjdnction

_layer on top of the final quantum well layer to be formed.

In an alternative embodiment, the method may includé the step of
forming the multiple quantum well structure such that the content of the af
least one 'grbup Il to VI element in consecutive quantum well‘layers
decreases on moving further away from an extent of the solar cell upon
which, in use, sunlight is incident. v

In this alternative embodiment, the method may further include the
step of separating the multiple quantum well structure from an underlying
substrate and reversing the structure such ’that the content of the at least one
group Il to VI element in consecutive quantum well layers increases on

- moving further away from an extent of the solar cell upon which, in use,
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sunlight is incident.

The solar cell of this alternative embodiment may be formed on a
transparent substrate..

The method may further include the step of forming one or more
blocking layers, as described herein.

Thg solar cells within the scope of the present invention may be
formed uéing a number of standard deposition methods including but not
necessarily limited to metal organic chemical vapour deposition (MOCVD),
remote plasma chemical vapour deposition (RPCVD) and plasma-assisted
molecular beam epitaxy (PAMBE). Key parameters in the control of indium
content in successive quantum wells are the growth temperature, which
should be lowered for layers with increasing indium content, and the indium
flux or flow rate of trimethyl indium reagent and the gallium fiux or flow rate of
trimethyl gallium reagent. o |

In a highly preferred embodiment, the quantum well layers comprise
InGaN. It may be preferable that the quantum well Iayér with the lowest
indium content is grown first and consecutive quantum well layers are then
grown with increasing indium contént. This allows the use of ‘higher
temperatures for low indium content layers which are less likely to degrade in
such temperatures. The use of higher temperatures reduces lattice mismatch
and therefore strain in the solar cell. ’

In a third aspect the invention resides in a solar cell formed by the
method of the second aspect. ‘

As will be apparent from the results described herein, such solar cells
provide dis..tinct functional advantages over those of the prior art.

In a fourth aspect the invention resides in use of a solar cell of the
third aspect. o

It will be appreciated that the various features and embodiments of
the present‘invention, referred to in individual sections above apply, as
appropriate, to other sections, mutatis mutandis. Consequently features
specified in one section may be combined with features specified in other
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sections, as appropriate.

v EXPERIMENTAL
PVA _

A solar cell (PV A) was grown according to the structure described in
Table 1 and represented in FIG 1. Growth of the layers hay be carried out in
a standard manner using well developed technologies such as MOCVD.
Growth conditions are also standard in nature and would be well known to a
pérson of skill in the art. '

This cell was then tested and shown to have an energy conversion
éfﬂcie'ncy (n) of abdut 1.4 %, as is shown in FIG 3. FIG 3 also indicates that
under the test conditions the short-cirCuit\current (Isc) is 11.7 pA, the open
circuit voltage (Vo) is ~2.95 V and the fill factor (FF) is ~55.6 %. In light of
the reported energy conversion efficiency values for conventional InGaN
solar cells this represents an improved figure. | |

A photovoiltaic simulation of this structure was also carried out using
SCSim software developed by Semiconductor Technology Research Inc.
(STR). The simulation résults showed the theoretical fill factor (FF) for this
structure to bé about-72 % which is higher than the FF of about 43 %

. calculated for an MQW solar cell structure having quantum well layers which

each have a fixed indium content of 15 % but otherwise presenting the same
cell structure as shown in FIG 1. This indicates that the solar cell 10
represented by FIG 1 having quantum well layers 40 with an indium content
which varies from one layer to the next can provide for an increase in the FF
and thereby can potentially increase the efficiency of InGaN solar cells.

In a further example, a solar cell similar to that shown in FIG 1 could
be synthesised wherein the indium and gallium content of each quantum well
layer is constant. The required variation in bandgap could instead be
achieved by varying the thickness of consecutively formed quantum well
layers. In one non-limiting example where five quantum well layers are
contained in the solar cell then the thicknesses of each layer may be 4.5 nm,
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4 nm, 3.5 nm, 3 nm, and 2.5 nm in proceeding from the bottom (first formed
layer) to the top (sun facing and last formed layer).

| The variation in thickness of the qhantum well layers may also be
employed in combination with variations in the composition to achieve the

required bandgap variation.

PVB

' A solar cell (PV B) was grown on a sapphire substrate according to
the structure described in Table 2. AlGaN blocking layers were laid down
with a p-AlGaN layer grown before the p-GaN layer and an n-AlGaN layer
grown after the n-GaN layer. A solar cell simulation was carried out for this
structure and the results show that the energy conversion efficiency in this
varying band gap solar cell structure is 22% improved when compared to a
structure in which thé indium percentage in the QW layers was constant at
an 'average indium percentage of 17.5% while keeping all the other

parameters the same.

PV C

A solar cell (PV C) was grown on a patterned sapphire substrate
according to‘the structure set out in Table 3. The use of the patterned
sapphire substrate was the only structural'difference between PV B and PV
C. , \ .

The |-V charécteristics of samples PV B and PV C are shown in FIG
4. PV C shows increased short-circuit current density compared to PV B,

“which indicates that PV C has impfoved structural qualities. The solar cell

efficiency of PV.C is ~1.28 %, considerably better than that of PV B (~0.9 %)
as shown in Table 4. These values compare favourably with existing solar
cell designs especially for the indium content employed. The improved
quality of PV C over PV B is also evident from external quantum efficiency
(EQE) and internal quantum efficiency (IQE) measurement results as shown
in FIG 5. The maximum EQE and IQE of PV C are 43.6 % and 44.9 %

PCT/AU2012/001152



WO 2013/040659

10

15

20

25

30

24

respectively. In light of the reported quantum efficiency values for
conventional InGaN soi_ar cells, these represent improved figures. These
EQE and IQE values are also higher than those of PV B which had a
maximum EQE and IQE of 28.7 % and 31.9 %, respectively.

Althbugh not wishing to be bound by any particular theory, it is
believed that the effect demonstrated experimentally, above, may be due, at
least in part, to improved absorption across the solar spectrum and thereby
the higher ger{eration of electron-hole pairs as well as a reduced incidence of
polarization-related issues due to the particular solar cell design.

| ‘Throughout the specification the aim has been to describe the
preferred embodiments of the invention without limiting the invention to any

one embodiment or specific collection of features. It will therefore be

- appreciated by those of skill in the art ihat, in light of the instant disclosure,

various modifications and changes can be made in the particular
embodiments exemplified without departing from the scope of the present

invention.

PCT/AU2012/001152



WO 2013/040659 PCT/AU2012/001152
25
TABLES
N Name Thickness Material Doping
{(nm) '

32 p-GaN 160 GaN Na = 1e18
31 _i-InGaN 3 In 0.01 Ga 09 N . Nd = 5e16
30 . GaN 12 GaN Nd = 5e16
29 i-InGaN 3 In 0.02 Ga 0.98 N Nd = 5e16
28 GaN 12 GaN Nd = 5e16
27 i-inGaN 3 Ingo3GagerN Nd = 5e16
26 GaN 12 GaN Nd = 5e16
25 i-inGaN 3 In g.0s Gaggs N Nd = 5e16
24 GaN 12 GaN Nd = 5e16
23 i-iInGaN 3 In 0.05 Ga 0.95 N Nd = 5e16
22 GaN 12 GaN Nd = 5e16
21 i-inGaN 3 In 006 Ga gga N Nd = 5e16
20 GaN 12 GaN Nd = 5e16
19 i-inGaN 3 In 007 Ga gea N Nd = 5e16
18 GaN 12 GaN Nd = 5e16
17 i-inGaN 3 In 008 Ga 092 N Nd = 5e16
16 GaN 12 GaN Nd = 5e16
15 i-inGaN 3 In 0.00 Ga 991 N Nd = 516
14 GaN 12 GaN Nd = 5e16
13 i-inGaN 3 In010Ga e N Nd = 5e16
12 GaN 12 GaN Nd = 5e16
11 i-inGaN 3 In g.11Ga gss N Nd = 5e16
10 GaN 12 GaN Nd = 5e16
9 i-InGaN 3 In012Gaggs N Nd = 5e16
8 GaN 12 GaN Nd = 5e16
7 i-inGaN 3 In g13Ga og7 N Nd = 5e16
6 GaN 12 GaN Nd = 5e16
5 i-inGaN 3 In g.14 Ga 08s N Nd = 5e16
4 GaN 12 GaN Nd = 5e16
3 i-iInGaN 3 Inp15Gaggs N Nd = 5e16
2 GaN 12 GaN Nd = 5e16
1 n-GaN 2000 GaN Nd = 1e19

Table 1: One embodiment of an MQW solar cell structure showing differing indium
content between individual QW layers. Certain other layers and dopant
concentrations (per cc) are also shown.



WO 2013/040639 PCT/AU2012/001152
26

N Name Thickness (nm) Material

46 p-GaN 178 GaN

45 p-AIGaN : 1.19 Al 0.15 Ga 0.85 N
44 p-GaN 2.02 GaN

43 i-inGaN - 2.55 In 0.20 Ga 0.80 N
42 ~_GaN 6.50 GaN '
41 i-InGaN 2.55 In 0.1974 Ga 0.8026 N
40 GaN 6.50 GaN

39 i-inGaN 255 In 0.1047 Ga 08053 N
38 GaN 6.50 GaN _
37 i-inGaN 2.55 In 0.1921 GAa 08079 N
36 GaN 6.50 GaN

35 i-InGaN 2.55 In 0.1895 Ga 0.8105 N
34 GaN 6.50 GaN

33 i-inGaN 2.55 In 0.1868 GA 0.8132 N
32 GaN 6.50 GaN

31 i-InGaN 2.55 In 0.1842 Ga g.8158 N
30 GaN 6.50 GaN

29 i-InGaN 2.55 In 01816 Ga 08184 N
28 GaN 6.50 GaN

27 "i-InGaN 2.55 In 0.1780 GAa ¢.8211N
26 GaN 6.50 GaN

25 i-inGaN 255 In 0.1763 Ga 0.8237 N
24 GaN 6.50 GaN

23 i-inGaN 2.55 In 0.1737 Ga 6.a263 N
22 GaN 6.50 GaN

21 i-inGaN 2.55 In 0.1710 Ga 0.8200 N
20 GaN 6.50 GaN _

19 i-inGaN 2.55 In 0.1684Ga 0.8316 N

- 18 GaN 6.50 GaN
17 i-inGaN 2.55 In 0.1658 Ga 0.8342 N

16 GaN 6.50 GaN

15 i-InGaN 2.55 In 01632 Ga 08368 N
14 GaN 6.50 - - , GaN

13 i-InGaN 2.55 In 0.1605 G@ 08305 N
12 GaN 6.50 GaN

11 i-InGaN 2.55 In 0.1579 Ga g.8421 N
10 GaN 6.50 GaN

9 i-InGaN 2.55 In 0.1553 Ga g.8447 N
8 GaN 6.50 GaN

7 i-InGaN 2.55 In 0.1526GGa p.8474 N ‘
6 GaN 6.50 GaN

5 i-inGaN 2.55 In 0.15 Ga 0.85 N
4 GaN 6.50 GaN
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3 n-AlGaN 1.19 - Al 0.15 Ga oss N
2 n-GaN 2.02 GaN
1 n-GaN , 200 GaN
Buffer GaN (~3 um)
Sapphire substrate

Table 2: An MQW solar cell structure grown on a sapphire substrate showing
differing indium content between individual QW layers and comprising AIGaN/GaN

blocking layers.

5
N Name Thickness (nm) Material
46 p-GaN 178 - GaN
45 p-AIGaN 1.19 Al 015 Ga 085N
44 p-GaN 2.02 GaN
43 i-inGaN 2.55 In 020Ga 080 N
42 GaN 6.50 GaN
41 i-iInGaN 2.55 In 0.1974 Ga p.8026 N
40 GaN 6.50 ~ GaN
39 i-InGaN 2.55 In 0.1947 Ga 08053 N_
38 GaN 6.50 GaN
37 i-inGaN 2.55 _Inp.1921Ga g8079 N
36 GaN 6.50 ‘ GaN
35 i-InGaN 2.55 In o.1895 Ga 0.8105 N
34 GaN 6.50 GaN
33 i-InGaN 2.55 In 0.1868 Ga 08132 N
32 GaN 6.50 GaN
31 i-inGaN 2.55 In 01842 Ga p.8158 N
30 GaN 6.50 GaN ’
29 i-InGaN 2.55 In .1816 Ga 0.8184 N
28 GaN 6.50 GaN
27 i-inGaN 2.55 In 0.1780 Ga 0.8211N
26 GaN 6.50 ‘GaN
25 i-InGaN 2.55 In 01763 G2 g.8237 N
24 ‘GaN 6.50 GaN
23 i-inGaN . 255 In 01737 Ga p.8263 N
22 GaN 6.50 GaN
21 i-inGaN 2.55 In 0.1710 Ga 0.8290 N
20 GaN 6.50 GaN
19 i-inGaN 2.55 in 0.168463 0.8316 N
18 GaN 6.50 GaN
17 i-inGaN 2.55 In 0.1658 Ga 0.8342 N
16 - GaN 6.50 GaN
15 i-InGaN 2.55 In 01632 Ga 8368 N
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14 GaN 6.50 GaN

13 i-iInGaN 2.55 in 0.1605 Ga 0.8395 N

12 GaN . 6.50 GaN

11 i-inGaN 2.55 In p 1579 Ga g.8421 N
10 GaN 6.50 - GaN '
9 i-inGaN 2.55 In 0.1553 Ga g.8447 N
8 GaN 6.50 GaN
7 i-inGaN 2.55 In 0.1526Ga 0.8474 N
6 GaN 6.50 GaN
5 i-inGaN 2.55 Ino015Ga oas N
4 GaN 6.50 GaN
3 n-AlGaN 1.19 Alg15Gaggs N
2 n-GaN 2.02 GaN

1 n-GaN 200 GaN

Buffer GaN (~3 um)
Patterned sapphire substrate (PSS)

Table 3: An MQW solar cell structure grown on a pattemned sapphire substrate (PSS)
showing ‘differing indium content between individual QW layers and comprising
AlGaN/GaN blocking layers. ' o

5
Substrate J v
Sample type lsc (MA) v(mA/sc(::mz) \(oc(\/) FF (%) | n (%)
PVB Sapphire | 0.0789 0.877 2.0039 [ 51.8 | 0.9103
PVC PSS 0.1147 1.275 1.9825| 506 | 1.2791

Table 4. Characteristics and solar cell efficiency of PV B and PV C.

Corresponding

Max Correspondin Max
Sample Substrate EQE wave?ength ? IQE wavelength
e | () (nm) (%) (nm)
PV B | Sapphire | 28.7 390 31.9 390
PV C PSS 436 390 449 400

- Table 5: External (EQE) and internal (IQE) quantum efficiency of PV B and PV C.’

10




WO 2013/040659

1.

10

2.
15

3.

4.
20

5.
25 6.

7.

29

CLAIMS
A solar cell comprising:
(a) afirst junction layer,;
(b) asecond junction layer; and
- (¢) an active region between the first and second junctibn

layers, the active region comprising a plurality of quantum
well layers each of which is sandwiched between barrier
layers, '

wherein, consecutive quantum well layers have different bandgap
values due to variations in the thickness of the layers and/or their

'having differing compositions of at least'one of their constituent

elements.

The solar cell of claim 1 wherein the bandgap of consecutive quantum
well layers decreases on moving away from a surface of the solar cell

upon which, in use, sunlight will be incident.

The solar cell of claim 1 wherein the constituent element'may be at

least two group Il to group Vi elements.

The solar cell of claim 3 wherein the constituent elements are
selected from the group consisting of aluminium, gallium, indium and

/ nitrogen.

The solar cell of claim 1 wherein the content of at least one group il to
Vi element in consecutive quantum well Iayérs increases on moving
further away from an extent of the solar cell updn which, in use,
sunlight is incident. '

The solar cell of claim 1 wherein the thickness of consecutive
quantum well layers decreases on moving further aWay from an extent
of the solar cell upon which, in use, sunlight is incident.

The solar cell of claim 1 wherein the composition of individual
quantum well layérs is substantially constant throughout their extent.
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The solar cell of claim 1 wherein the composition of individual
quantum well layers varies in a continuous fashion on proceeding
through the quantum well layer from a region contacting one adjacent
barrier layer to a region contacting the next adjacent barrier layer.

The solar cell of claim 8 wherein it is the relative content of at least
two group 1l elements selected from the group consisting of indium,

aluminium and gallium which varies.

The solar cell of claim 1 wherein the material forming the quantum
well layers is a group llI nitride, arsenide or phosphide.

The solar cell of claim 1 wherein the material forming the quantum
well layers is selected from the group consisting of indium gallium
nitride, aluminium indium gallium nitride, indium aluminium nitride,

-aluminium gallium nitride, indium gallium arsenide, indium gallium

arsenide nitride, aluminium indium gallium arsenide nitride indium
gallium phosphide, indium gallium arsenide phosphide, indium
arsenide phosphide, indium aluminium arsenide and indium

aluminium gallium arsenide.

The solar cell of claim 11 wherein the quantum well layers comprise
indium gallium nitride and the indium and gallium contents vary
between consecutive quantum well-layers.

The solar cell of claim 12 wherein the quantum well layer having the
highest bandgap and being |o¢ated at the end of the solar cell closest
to the surface adapted to receive sunlight will be the quantum well
layer with the lowest indium content.

The solar cell of claim 1 wherein each quantum well layer is less than
15 nm, preferably less than 10 nm, more preferably less than 7 nm
thick.

The solar cell of claim 14 wherein each quantum well layer is between
1 to 5 nm thick, more preferably about 3 nm thick.

PCT/AU2012/001152



WO 2013/040659

10

15

20

25

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

31

The solar cell of claim 1 wherein the barrier layers are formed from
the same or different materials to the quantum well layers.

The solar cell of claim 15 wherein the barrier layers comprise material

~selected from the group consisting of gallium nitride, aluminium

nitride, indium gallium nitride, indium aluminium nitride and aluminium
indium gallium nitride.

The solar cell of claim 17 wherein the barrier layers are gallium nitride
layers.

The solar cell of claim 1 wherein the barrier layers are selected such

- that the bandgaps of the barrier layers are higher than the bandgap of

the sandwiched quantum well layer.

The solar cell of claim 1 wherein the solar cell further comprises one

or more blocking layers.

The solar cell of claim 20 wherein the cell is a p-i-n structure and is
grown to have at least one blocking layer present before the p-layer -
and after the n-layer.

The solar cell of claim 20 wherein the one or more blocking layers are

aluminium gallium nitride layers.

The solar cell of claim 1 wherein the junction layer closest to the sunlit
surface has a higher bandgap than the subsequent quantum well or

barrier layers.

The solar cell of claim 1 wherein the first and second junction layers
indebendenﬂy coniprise gallium nitride, indium gallium nitride or
indium aluminium gallium nitride.
A method of forming a solar cell comprising a multiple quantum well
structure, the method including the steps of:
(a) forming a barrier layer;
(b) | forming a desired thickness of a quantum well layer
comprising at least one group !l to VI element on top of the
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barrier layer;

(c) forming a further barrier layer on top of the exposed
quantum well layer such that the quantum well layer is
sandwiched between the two barrier layers;

(d) forming a desired thickness of a further quantum well layer
comprising at least one group |l to VI element on top of the
exposed further barrier layer; and |

(e) repeating éteps (c) to (d) to form a desired number of

' quantum wells wherein consecutive quantum well layers
have different bandgap values due to variations in the
thickness of the layers and/or their having differing
contents of the at least one group Il to VI element, -

to thereby form a solar cell comprising a multiple quantum well

structure. | _

The method of claim 25 wherein the quantum well layers-are indium
gallium nitride layers and the indium and gallium content vary in
consecutive layers.

The method of claim 25 including the step of increasing the content of
the at least one group Il to VI element in consecutive quantum well
layers on moving further‘ away from an extent of the solar cell upon
which, in use, sunlight is incident.

The method of claim 25 ‘inclu‘ding the step of maintaihing the content
of the at least one group |l to VI element substantially constant Within
individual quantum well layers.

The method of claim 25 including the step of forming a junction layer
on a substrate and subsequently forming the first barrier layer or
quantum well layer upon the junctioh layer.

The method of claim 25 including the step of forming a further junction
layer on top of the final quantum well layer to be formed.

The method of claim 25 including the step of forming the multiple
quantum well structure such that the content of the at least one group
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Il to VI element in consecutive quantum well layers decreases on
moving further away from an extent of the solar cell upon which, in
use, sunlight is incident.

The method of claim 25 including the step of séparating the multiple
quéntum well structure from an underlying substrate and reversing the
structure such that the content of the at least one group Il to VI
element in consecutive quantum well layers incréases on moving
further away from an extent of the solar cell upon which, in use,
sunlight is incident.

The method of claim 32 wherein the substrate is transparent.

The m;e—thod of claim 26 including the step of growing the quantum
well layers having the lowest indium content before those having

- higher indium contents.

The method of claim 26 further including the step of growing one or
more AlGaN or AlIN thin layers to reduce strain in the solar cell.

A solar cell formed by the method of claim 25.

Use of a solar cell of claim 36.
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