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(57) Abstract: A solar PV module is disclosed having two types of laterally-separated coplanar cells with different bandgaps to im-
prove conversion efficiency. A diffracting entrance window directs sunlight with wavelengths shorter than a separation 5 wavelength
ks is directed largely to the first type of wider bandgap cells. Sunlight with wavelengths longer than a separation wavelength ks is
directed largely to the second type of narrower bandgap cells. The separation wavelength is chosen so that each cell is illuminated
largely by that part of the solar spectrum to which it has the higher conversion efficiency, resulting in an overall conversion efti-
ciency higher than 10 for either type of cell used alone. The wider bandgap cells are configured on a planar support in separated par -
allel strips, with the narrower bandgap cells largely filling the area between these strips.
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TANDEM PHOTOVOLTAIC MODULE WITH DIFFRACTIVE
SPECTRAL SEPARATION

FIELD OF INVENTION

The present invention relates to the generation of electrical power using
photovoltaic cells.
BACKGROUND

In the past, photovoltaic (PV) cells have been widely used to convert sunlight
into electricity. A plurality of cells may be located behind a glass sheet to form a PV
module. PV modules may receive a fraction of all the light that enters the glass, both
direct sunlight and diffuse skylight. However, the efficiency of conversion of the
total amount of incident solar energy is not high; for example, little more than 20%
conversion may be achieved in current commercial PV modules. This limitation arises
in part because sunlight comprises a broad range of wavelengths, and conventional
PV modules use a single semiconductor type. While any given semiconductor may
convert with high efficiency at a given characteristic wavelength, it is less efficient at
other wavelengths. In the relatively inefficient spectral regions of any given PV cell,
only a small amount of the available solar energy may be converted into electricity.

A PV module with higher overall efficiency may be preferred over a
conventional module, provided the overall cost is not increased so much as to offset
the efficiency gain. Sunlight may potentially be converted into electricity with higher
overall efficiency than is possible with any one semiconductor, by dividing the solar
spectrum and using the different parts to power PV cells using different
semiconductors, each cell being illuminated preferentially by those parts of the
spectrum which it converts with highest efficiency. One approach taken in the past
used different semiconductors stacked on top of each other, forming a multijunction
cell. In such a multijunction cell, different spectral bands separate out by absorption
and conversion as sunlight travels down through the stack. However, this
multijunction approach has typically been limited to expensive semiconductors and
manufacturing techniques. To reduce the overall cost of energy generation by this
approach, typically a small multijunction cell has been used in conjunction with optics

to collect a large area of direct sunlight and strongly focus it onto the small cell area.
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However, in such configurations, the diffuse component of sunlight, which is
typically between 20% and 40% of the total input, is nearly all lost, and in many cases
system cost is increased because of the additional focusing optics and dual axis
tracker required.

Other methods to use combinations of semiconductors of smaller area and/or
of lower cost have been proposed, in which sunlight is first passed through optics
which spatially separate the spectrum, directing different parts of the spectrum to
different separated cells to better match their different spectral responses.

In prior art, Newton (“Opticks™ 1704) provides a glass prism to separate
sunlight into distinct spectral bands by refraction. Such refractive dispersion has the
advantage of unambiguous wavelength separation, with angular deviation decreasing
monotonically as wavelength is increased, but has the disadvantage that the angular
separation is small. In a patent application (US 2010/0095999 A1) “Ultra-high
efficiency multi-junction solar cells using polychromatic diffractive concentrators”,
inventor Menon proposes dispersion by a phase-plate and lens combination, the lenses
focusing different wavelengths onto different laterally arranged cells. Diffraction by
the phase plate gives higher angular spectral dispersion than a prism; however the
design does not account for the fact that diffraction of any specific wavelength from
the broad solar spectrum is generally in multiple orders, each being deflected (or
directly transmitted) in a different direction. In another patent application, (US
20120318324 Al) “Laterally Arranged Multiple-Bandgap Solar Cells” 2012,
inventors Ning and Caselli show laterally-arranged multiple bandgap solar cells and a
notional depiction of dispersive concentrators positioned above to provide light to a
surface of each of the cells, but do not provide specifics about the nature of the
spectral separation, whether refractive or dispersive.

Zhang et al., Journal of Photonics for Energy, 2013, show a configuration with
sunlight passing through a flat window of holographic lenses to PV cells of two
different types. The lenses partially focus a band of the solar spectrum onto strips of
cells of one type oriented perpendicular to the entrance window, while remaining light
passes by to sheet of solar cells of another type oriented parallel to the entrance

window.
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In general, the prior art suffers from one or more of the following limitations:
(1) it may not be configurable to have a large fraction of the solar energy entering a
module directed to PV cells, thus losing area efficiency and driving up total area and
cost; (2) the total cell area to convert all the entering sunlight may be significantly
larger than the aperture area, thus driving up cell area and cost; (3) it may use a
complex and thus expensive combination of dispersive elements and concentrating
optics to obtain spectral separation; (4) the spectrally separating optics may direct
some part of the solar spectrum to the targeted cell, while at the same time misdirect
other parts of the spectrum - this is a common deficiency for diffractive spectral
separation, when only a part of the solar spectrum is efficiently diffracted in any given
one direction; and (5) they may use concentration and as a result lose some or most
of the diffuse light component.

SUMMARY

It is an object of the present invention to improve the overall conversion
efficiency of PV modules, by incorporation of two different PV cell types, each type
having high efficiency with respect to a different part of the solar spectrum. It is a
further object to convert the sunlight energy entering the module (direct sunlight plus
diffuse skylight), with higher overall efficiency than would be possible with a module
using PV cells of any one single type. To maintain good efficiency to the diffuse sky
component as well as to direct sunlight, it is an object to 1) use PV cells that together
cover essentially the whole area of the module and 2) to allow diffuse light to pass
through to the cells with minimal loss by back-scattering. It is a further object to use
cell types which can be manufactured in large area at low cost. An additional object is
to incorporate diffractive optics in front of the cells which result in each cell type
receiving a large fraction of all the direct sunlight incident on the module in the
wavelength range to which it is most sensitive.

A solar PV module for generation of electricity when mounted on a solar
tracker is disclosed. It comprises two types of PV cells, one cell type having a
narrower bandgap and thus higher sensitivity to longer wavelengths of sunlight, the
other having wider bandgap with higher sensitivity to shorter wavelengths. Sunlight
entering the module is spectrally separated by diffraction into shorter and longer wave

bands which are directed preferentially toward to the wider and narrower bandgap
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cells respectively. The two cell types are arrayed on a receiving plane in alternating
strips, laterally-separated and oriented parallel to the single axis of tracking, if used.
As explained more fully below, lenses are used to spectrally separate sunlight with
alternating, mirrored orientations, so that longer wavelengths of sunlight are cross-
directed toward the first type of cell having a narrower bandgap from two opposing
directions, and shorter wavelengths of sunlight are also cross-directed toward the
second type of cell having a wider bandgap from two opposing directions.

The optically transmitting entrance surface spaced in front of, and parallel to,
the receiving plane is arrayed with transmission diffraction grating strip lenses that
cover essentially the full area of the surface. Each diffracting strip lens has variably
spaced surface structure (grooves) or variably spaced fringes of refractive index
(Bragg planes) that extend down some depth from the surface, as in a variably spaced
volume phase holographic (VPH) grating. The grooves or Bragg planes are
configured asymmetrically, so as to direct light preferentially into one of the two
directions of first order diffraction. The spacing and symmetry of the grooves or
refractive index fringes is varied so that:

1) Sunlight at a chosen separation wavelength, A, incident anywhere on the
strip lens is diffracted in first order to a line focus at the receiving plane, and

2) The line focus formed by a diffracting strip lens at the separation
wavelength is formed off-axis, at the edge of the wider bandgap cell strip, so that
longer wavelength rays which are diffracted to larger angles than the separation
wavelength are diffracted onto the adjacent narrower bandgap cell strip, while shorter
wavelength rays which are deflected by smaller angles impinge on the wider bandgap
cell strip.

The plurality of diffracting strip lenses are set out with alternating, mirrored
orientations, such that the rays at wavelength %5 in each case cross over the wider
bandgap cell strip beneath to focus on its far edge. Thus, for both diffracting strip lens
orientations, the wider bandgap cell strips receive the diffracted rays of shorter
wavelengths, and vice versa. This configuration we call “cross eyed strip lenses”.
With such lenses abutting across the entire entrance plane, all entering sunlight
diffracted in first order is deflected according to wavelength to the more efficient cell

strip, thus improving conversion efficiency.
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The module is oriented either by a dual axis solar tracker so that an entering
ray of sunlight is normal to the entrance surface, or by a single axis tracker so the
entering rays lie in a plane that is perpendicular to the entrance surface and parallel to
the cell and strip lenses.

Since first order diffraction is generally not highly efficient over the full solar
spectrum, the diffractive strip lenses are tuned to have highest efficiency at a
wavelength that varies according to position across the lens. Thus, in those regions of
the diffractive strip lenses lying above the wide bandgap cell strip where directly
transmitted sunlight (Oth order diffraction) would pass through to that cell strip, the
strip lens is tuned to have highest efficiency for diffraction at longer wavelengths
A>As, which would not be converted by the wide bandgap cell. Conversely, in those
regions of the diffractive strip lenses where directly transmitted light (Oth order)
would pass through to the narrow bandgap cell strip, the diffractive strip lens is tuned
to have highest efficiency for first order diffraction at shorter wavelengths A<As,
which are less efficiently converted by the narrow bandgap cells.

Thus in a module according to this invention, the direct sunlight entering the
module is split by diffraction into long and short wavelength spectral bands which are
directed largely to those cells which will convert them with higher efficiency.
Because both the diffractive lenses and the cells have total area essentially that of the
full module, the resulting module conversion efficiency for direct sunlight can be
expected to be higher than for a module with its full area covered by either one of the
two cells alone. At the same time, the conversion efficiency to diffuse light can be
expected to be comparable to that for either single-cell module, given diffractive
lenses with low back-scattering loss. Thus the combined sensitivity to the full input,
direct and diffuse, can be expected to be higher than for a module with its full area
covered by either one of the two cells types alone.

In accordance with the present invention, a solar PV module for generation of
electricity when mounted on a single axis tracker, characterized in that a first type of
PV cells are provided having a first wider bandgap, and a second type of PV cells are
provided having a second narrower bandgap.

A receiving plane is provided with a plurality of strips of the first type of PV
cells having a first wider bandgap, and having a plurality of strips of the second type
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of PV cells having a second narrower bandgap, where the strips of the first type of PV
cells are laterally-separated and arrayed in alternating strips with the strips of the
second type of PV cells, such that there are alternating strips of wider and narrower
bandgap PV cells, where all of the strips are oriented parallel to the single axis of
tracking.

A planar entrance surface spaced ahead of and parallel to the receiving plane,
arrayed with linear transmission diffraction strip lenses covering essentially the full
area of the entrance surface, the diffracting strip lenses configured in opposing pairs,
each pair being associated with, parallel to and located above a first type of PV cells
having a wider bandgap, in which sunlight is spectrally divided and cross-directed
preferentially toward the first type of PV cells and the second type of PV cells,
respectively.

The diffracting strip lens in each paired strip lens is constructed with variable
pitch, such that light at a single separation wavelength A, on entering the first side of
a strip lens is diffracted in first (+1) order to cross over a first edge of a strip of the
first type of PV cells below to focus in a line along a second edge of said strip of the
first type of PV cells, and light at the single separation wavelength %, on entering the
second side of a strip lens is diffracted in first (— 1) order to cross over the second
edge of said strip of the first type of PV cells below to focus in a line along the first
edge of said strip of the first type of PV cells, an arrangement called a “cross eyed
strip lens.”

Wherein the module thus constructed with cross-eyed strip lenses and
alternating strips of first and second types of PV cells has the desired property that
shorter wavelengths A< are cross-diffracted onto strips of the first type of PV cells
having a wider bandgap, while longer wavelengths A>is are diffracted onto
intervening strips of the second type of PV cells having a narrower bandgap.

In accordance with the present invention, a solar PV module is disclosed
having two types of laterally-separated coplanar cells with different bandgaps to
improve conversion efficiency. Sunlight with wavelengths shorter than a separation
wavelength A is directed largely to the first type of wider bandgap cells. Sunlight
with wavelengths longer than a separation wavelength % is directed largely to the

second type of narrower bandgap cells. The separation wavelength is chosen so that
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each cell is illuminated largely by that part of the solar spectrum to which it has the
higher conversion efficiency, resulting in an overall conversion efficiency higher than
for either type of cell used alone. The wider bandgap cells are configured on a planar
support in separated parallel strips, with the narrower bandgap cells largely filling the
area between these strips. The module is oriented toward the sun by a tracker, so
sunlight enters the module either perpendicular to the entrance window or in a plane
perpendicular to the entrance window and parallel to the strips. Separation of the
sunlight spectrum is accomplished by transmission through diffracting strip lenses
arrayed on a planar entrance surface spaced above the cell plane. Each strip lens has
diffracting grooves or refractive index modulations variably spaced so as to act as an
off-axis lens at the separation wavelength As, so that sunlight diffracted in first order
at this wavelength comes to an off-axis line focus. The diffractive strip lenses have
two opposite orientations configured so that wavelengths A>ks are, for both
orientations, diffracted in first order (plus 1 and minus 1 according to orientation)
across to the left and right respectively and away from the wider bandgap cell strips,

while shorter wavelengths A<s are diffracted onto the wider bandgap cell strips.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a perspective view of a module according to various embodiments
of the disclosure, showing the paths of shorter wavelength solar rays.

Figure 2 is a perspective view of a module according to various embodiments
of the disclosure, showing the paths of longer wavelength solar rays.

Figure 3 is a diagram of a single diffractive strip lens separating incoming
sunlight of three different wavelengths;

Figure 4 illustrates the diffraction of a single ray of light of given wavelength
passing through the diffractive lens.

Figure 5 illustrates a cross-section view of a PV module according to various
embodiments of the disclosure, showing the paths of rays at the separation
wavelength.

Figure 6 illustrates the paths of sunlight rays shown separately for 8 different

wavelengths, as diffracted by multiple strip lenses.
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Figure 7 illustrates a graph of spectral efficiency vs. wavelength for two PV
cells having different bandgaps, together with a graph of the spectral distribution of
solar energy.

Figure 8 illustrates diffraction efficiency as a function of wavelength and
diffraction order for two different volume phase transmission diffraction gratings.

Figure 9 shows the separation of wavelengths by first order diffraction for the
sun at normal incidence for embodiments with air gap.

Figure 10 shows the effect of 1/2° tracking error on separation of wavelengths
by first order diffraction for embodiments with air gap.

Figure 11 illustrates the effect of 30° skew angle on spectral separation for
embodiments with air gap

Figure 12 shows a schematic cross section an embodiment of this invention on
a sheet of glass

Figure 13 shows grating elements implemented as volume phase holograms.

Figure 14 shows the separation of wavelengths by first order diffraction for the
sun at normal incidence for an embodiment on glass.

Figure 15 shows the effect of 1/2° tracking error on separation of wavelengths
by first order diffraction for an embodiment on glass.

Figure 16 illustrates the effect of 30° skew angle on spectral separation for an

embodiment on glass.

DETAILED DESCRIPTION

A high efficiency photovoltaic (PV) module is disclosed herein, aimed at
achieving high conversion efficiency using spectral separation of sunlight to take
advantage of two different PV cell types, with different bandgaps. A key feature of
this invention is in the optics used to achieve lateral separation of sunlight into two
sharply defined spectral bands, one with light wavelengths mostly less than the
separation wavelength As, and the other with light wavelengths mostly greater than As.
Figure 1 and Figure 2 illustrative the principles of the invention. The two figures
show the same module, the only difference being in the paths taken by rays of

sunlight in different spectral bands.
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Figure 1 shows parallel rays of sunlight 1 comprising many different
wavelengths entering a module through a planar diffractive window 2. Diffracted
rays 3 shown in Figure 1 are of shorter wavelength than the separation wavelength s
and are diffracted at smaller angles to impinge on parallel strips 4 of a first type of PV
cells made from semiconductor with wider bandgap, set out in a plane 5 parallel to the
diffractive entrance window 2. The module is oriented so that the cell strips 4 lie in
the North-South (N-S) direction. The module is turned during the day about a N-S
axis 6 to track the movement of the sun so that the sun’s rays always enter the module
perpendicular to the module edges 9.

Figure 2 shows parallel rays of sunlight 1 comprising many different
wavelengths entering a module through a planar diffractive window 2. But here the
diffracted rays 7 shown are of longer wavelength than the separation wavelength As
and are diffracted at larger angles, crossing over the strips 4 of the first type of PV
cells to impinge on parallel strips 8 of a second type of PV cells made from a different
semiconductor with narrower bandgap. These strips 8 of a second type of PV cells are
also set out in said plane 5 parallel to the diffractive entrance window 2, and fill the
space between said strips 4 of the first type of PV cells.

For clarity, Figure 1 and Figure 2 illustrate modules which are drawn with
only a few strips of the two different first and second PV cell types, and relatively
large spacing between the diffracting and cell planes. It will be understood by those
familiar with the art that in practice it may be more economical to make a module
with many closely spaced strips and close spacing between the diffracting and cell
planes.

The laterally separated first and second types of cells of different bandgaps of
this invention may be of quite different semiconductor types. Their electrical
connections may be separate, and there is no requirement for current or lattice
matching, as is the case for tandem cells stacked vertically, rather than laterally
separated as in this invention. The module may use combinations of cell types chosen
for their low cost and high efficiency rather than to meet matching requirements.

The principle according to various embodiments for making the sharp
separation of light at wavelengths above and below the separation wavelength may be

understood with reference to Figure 3. The planar diffractive window 2 is formed by
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diffractive strip lenses in alternating strips, with a single strip lens 200 shown in the
figure. The strip lens 200 comprises a planar diffraction grating with grooves or
refractive index variations 201 that are straight and perpendicular to the plane of the
paper. The property of the strip lens 200 is that sunlight rays at wavelength As
entering across the strip and diffracted in first order are brought to a linear focus 240
in the cell plane 5. This focusing property is achieved by varying the spacing of the
grooves 201 of the strip lens 200, as shown in Figure 3 by the variable spacing of the
points across the width of the strip.

The passage of rays of sunlight of wavelengths longer and shorter than the
separation wavelength is shown by the three rays of sunlight 11, 12 and 13 entering
perpendicular to the lens plane 2 at the edges and center of the strip lens 200. On
passing through the lens, the single white light ray is diffracted into different
directions, depending on wavelength and position on the lens. In Figure 3, we show
the paths taken by three different wavelengths. Rays 112, 122 and 132 show the paths
taken by rays of wavelength 2s, which all impinge on the cell plane 5 along the line
focus 240. Rays 111, 121 and 131 show the paths taken by rays of wavelength shorter
than As, which are diffracted at smaller angles, all impinging on the cell plane 5 to the
left of the line focus 240. Rays 113, 123 and 133 show the paths taken by rays of
wavelength longer than As, which are diffracted at larger angles, all impinging on the
cell plane 5 to the right of the line focus 240.

It will be apparent to those familiar with the art that the diffracting strip lenses
might take the form of grooves on the surface of a transparent material, or periodic
variations in refractive index (Bragg planes) in a transparent material forming a
volume phase grating. In what follows the word grooves should be interpreted as
meaning any periodic fluctuation that causes diffraction. The period is not
everywhere the same, but changes monotonically across the strip lens 200, as shown
in Figure 3 by the changing spacing 201.

The algebraic function describing the groove spacing or grating period is
derived with reference to Figure 4, which is dimensioned for a module in which the
wider bandgap cell strips 4 have a width w and are spaced apart by a distance s. A
single light ray 210 is shown entering the diffraction strip lens 200 at normal

incidence at a point 211 at distance x from the left hand edge 212 of the strip lens 200.

10
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The groove spacing or grating period g(x) is variable, and is selected such that a light
ray 210 of the separation wavelength As, entering the strip lens 200 at normal
incidence at any distance x from 0 to s/2 measured across the strip lens 200 from point
212 will be diffracted in first order to line focus 240. The width of the strip lens 200 is
s/2. The focus 240 is a line perpendicular to the paper lying in the plane 5 at distance
y =—t below the diffractive lens and displaced a distance x = -w/2, from the reference
point 214 on the y axis. The optical path from the strip lens 200 to the focus is taken
to be through a transparent medium, for example air or glass, of refractive index n;.

The groove spacing or grating period (as measured across the entrance
surface) as a function of distance x across the strip lens required to produce a line
focus may be determined as follows. From the geometry as shown in Figure 4, the
angle of diffraction 0 to direct a ray 230 from point 220 at x to the focus 240 is given
by

6 = arctan (x+w/2)/t g8
For diffraction in the first order, the required groove spacing g(x) is related to

wavelength A and diffraction angle 0 by the relation

2=n;g(x)sinB 2)
It follows that the groove spacing g must be varied with x by the relation
g(x) = As/ns[1+t2/(x+w/2)*] 2 (3)

where 2 is the separation wavelength.

For volume phase gratings illuminated at normal incidence, the spacing between

Bragg planes intersecting the entrance plane 2 is given by g(x), and the slant angle

a of the Bragg planes is given by

o= Y arcsin|ns/n; sin 6 (Ap)] @

where 7y 1s the wavelength of peak diffraction efficiency and n, is the average

refractive index of the volume phase grating material.

Equations 3 and 4 are used to design the diffractive strip lenses in the

embodiments described below.

Referring to Figure 5, a cross-section view of a PV system 700 is illustrated

according to various embodiments. This shows how mirror-image strip lenses 712
and 714 are replicated with first order diffraction angles alternating to the left and to

the right, +1 and —1 order, so as to concentrate the longer and shorter wavelength

11
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bands onto the two different PV cell types. The system 700 comprises a planar
entrance surface 2 with a plurality of diffracting strip lenses of the type 200 described
previously. Those marked 712 are oriented in a first direction to diffract in the -1
order, the same as the strip lenses 200 in Figure 3. The plurality of strip lenses 714 are
oriented in a second direction to diffract in the +1 order, the mirror image of Figure 3.
The strip lenses 712, 714 may cover substantially all of the planar entrance surface 2.
Each strip lens 712, 714 may have grooves or Bragg planes variably spaced so as to
act as an-off-axis, linear lens, diffracting sunlight in first order at the separation
wavelength 2s to a line focus at a receiving plane 5. The dashed lines in Figure 5
show the diffracted rays at just the separation wavelength. The planar entrance
surface 2 is spaced ahead of and parallel to the receiving plane S, and the space
between the strip lenses 712 and 714 and the PV cell strips 722 and 724 may be filled
with any transparent material of refractive index ns, or by vacuum.

The receiving plane 5 comprises a plurality of a first type of PV cells having a
wider bandgap 722 and a plurality of a second type of PV cells having a narrower
bandgap 724. In various embodiments, the narrower bandgap PV cells 724 may
comprise silicon. The first type of wider bandgap PV cells 722 may be arrayed in
parallel, coplanar strips, with each strip having two edges, and the second type of
narrower bandgap PV cells 724 may fill the remaining area of the receiving plane §
between the first type of higher bandgap PV cells 722. It will be apparent to those
skilled in the art that the narrower bandgap cells 724 may be placed at a level below
that of the wider bandgap cells, and thus might be implemented not as strips, but as a
large cell (for example of silicon) with strips of the wider bandgap cells located
above.

The diffracting strip lenses 712 oriented in the first direction focus light at the
separation wavelength As to a first edge of the first type of wider bandgap PV cell
strips 722 while the strip lenses 714 oriented in the second direction focus light at the
separation wavelength As to a second edge of the first type of wider bandgap PV cell
strips 722. The diffracting strip lenses 712 and the diffracting strip lenses 714
alternate, such that, for both the diffracting strip lenses 712 and 714, wavelengths

longer than the separation wavelength is are diffracted onto the second type of

12
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narrower bandgap PV cell strips 724, while wavelengths shorter than the separation
wavelength As are diffracted onto the first type of wider bandgap PV cell strips 722.

The system of dispersing optics and cells may be mounted on a supporting
plate 750. A dual axis tracker may be used to orient the system such that plane of the
gratings is held perpendicular to the sun. Alternatively, a single axis tracker may be
used, in which case the unit is oriented such that the sunlight is held in a plane which
is both perpendicular to the planar entrance surface and parallel to the grating
grooves.

The action of the diffracting surfaces over a broad range of wavelengths is
shown in Figure 6. A PV module comprising a plurality of diffractive strip lenses is
illustrated according to various embodiments. As shown in Figure 6, each diffractive
strip lens is similar to that described with reference to Figure 3. Adjacent strip lenses
are oriented in opposite orientations. For example, a first strip lens 712 diffracts light
to the right. A second strip lens 714 which is adjacent to the first strip lens 712
diffracts light to the left. Similarly, a third strip lens 716 which is adjacent to the
second strip lens 714 diffracts light to the right, and a fourth strip lens 718 which is
adjacent to the third strip lens 716 diffracts light to the left. Any number of
alternating strip lenses may be used. In various embodiments, a single diffractive
surface may be used, in which one compound lens may combine strip lenses with
alternate diffractive directions.

Figure 6 shows in different drawings the paths of rays of different wavelength,
in a system designed for a separation wavelength As equal to 700 nm. The variable
groove spacing for this system was calculated using equation 3 above with As = 700
nm. The drawing for A = 700 nm shows the rays at this wavelength diffracted to cross
over and form two line foci which define the boundaries of a wider bandgap cell strip
722. Deflection angles 6 for wavelengths % other than As were calculated using
equation 2. The shorter wavelength light at wavelengths 400 nm, 500 nm, 600 nm, as
diffracted in first order, are seen to converge to the regions 722 between adjacent
diffractive strip lenses. A wider bandgap PV cell which is efficient at shorter
wavelengths is located in the region 722 between the line foci of the third strip lens

716 and the fourth strip lens 718. For the geometry shown, wavelengths between 400
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and 700 nm are diffracted in first order to the region where the wide bandgap cell is
located.

Diffraction of the longer wavelength light at wavelengths 800 nm, 900 nm,
1000 nm and 1100 nm is shown also in Figure 6. The wavelengths longer than the
separation wavelength are diffracted in first order by the first strip lens 712 and the
fourth strip lens 718 to overlap and fall in the region 724 between the line foci formed
at As by the first strip lens 712 and the fourth strip lens 718. Thus, a PV cell which is
more efficient at longer wavelengths (also referred to as a narrow or narrower
bandgap cell), such as a silicon cell may be placed in this region and receive long
wavelength light from both the first strip lens 712 and the fourth strip lens 718. For
the geometry shown, all wavelengths between 700 nm and 1100 nm are diffracted in
1st order to the region 724 where the narrow bandgap cell is located.

It will be apparent to those familiar with the art that the wavelengths chosen for these
examples are only given as an example suitable for PV cells for which the separation
wavelength is 700 nm.

To optimize the efficiency advantage of this invention, the choice of spectral
separation wavelength will be made to best match the performance of the wider
bandgap cells used in the system. This may be understood with reference to Figure 7,
which includes a graph of spectral efficiency versus wavelength of two representative
cells used in a system. Response line 110 shows the efficiency of conversion of light
energy to electrical energy for a representative wide bandgap photovoltaic cell. The
cell’s efficiency is high at shorter wavelengths, but falls sharply to zero for
wavelengths longer than A, which corresponds to a photon energy at the cell’s
bandgap energy. Response line 120 shows the efficiency for a narrow bandgap PV
cell such as silicon. The shape of the response is similar, but the peak response is
shifted to longer wavelengths, because of the narrower bandgap. The narrow bandgap
PV cell has a higher spectral efficiency at wavelengths longer than %, while at
wavelengths shorter than 2, the wide bandgap cell has greater spectral efficiency.
Curve 130 shows the spectral distribution of sunlight under typical conditions (AM
1.5). In various embodiments, sunlight of wavelengths longer than 2 is directed for
conversion by a narrow bandgap cell, and light of wavelengths shorter than %5 to a

wide bandgap cell, to increase overall efficiency. It is a feature of this invention that

14



WO 2016/200988 PCT/US2016/036506

the overall efficiency is maximized by sharply defining the separation at a wavelength
close to Ag If this is not done, energy at wavelengths longer than % that reaches the
wide bandgap cell is effectively lost, while energy at shorter wavelengths reaching the
narrow bandgap cell is converted with less efficiency that would have been realized if
it had reached the wide bandgap cell. Those skilled in the art will recognize that the
disclosed principles may be used to improve the performance of any paired PV cells
having high but different spectral efficiencies. For different cells, the optimization
will be at different wavelengths.

Grating blaze and directly transmitted light.

Up to this point we have considered only the light diffracted into the single
order, and the spectral separation of sunlight diffracted in this order. The first order
diffraction we want is in to the left or right (plus or minus 1 order) depending on
whether the off-axis line focus is to be to the left of the right. In practice, while a large
fraction of the light may be diffracted into the + or —1 order, some fraction of the light
at any given wavelength may pass straight un-diffracted through a strip lens (zero
order diffraction), or be diffracted in second order in other direction, depending on the
details of the manufacture of the grating, independent of groove separation. These
details of manufacture in general may be chosen to maximize the diffraction
efficiency into the + or — 1 order at a particular wavelength. For volume phase
gratings, efficiency peaks at the wavelength that matches the Bragg condition. For
surface relief diffraction by grooves, this wavelength for peak efficiency is called the
blaze wavelength. In what follows, we will refer to the wavelength of maximum
diffraction efficiency in first order as the blaze wavelength, for both grooved and
volume phase gratings.

To optimize the conversion efficiency of this invention, the blaze wavelength
as well as the groove spacing is preferably varied across the diffractive strip lens. For
those portions of the entrance plane 2 where the un-diffracted light rays (zero order)
pass through directly to the wider bandgap PV cells, it will be advantageous to choose
the blaze wavelength to be longer than the separation wavelength is. Over the
remaining entrance surface, for which directly transmitted red light will pass through

to the narrower bandgap cells, the blaze wavelength is preferably chosen to be shorter
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than s, so shorter wavelengths will be efficiently directed by first order diffraction to
the wider bandgap cells.
Optimization for high efficiency to diffuse light.

Diffuse illumination enters the device at all angles of incidence and is thus not
spectrally separated like direct sunlight. According to various embodiments, diffuse
light is most efficiently converted by use of diffractive strip lenses that efficiently
transmit light rays that are not in the plane of diffraction, i.e. they have low back-
scatter and low absorption. Also according to various embodiments, to maximize
diffuse light conversion, the PV cells together extend across essentially the full area of
the module.

Choice of grating type

Gratings used for the diffractive strip lenses described with reference to
Figures 1, 2, 3, 4, 5 and 6 either have grooves as surface features, or may be volume
phase holographic gratings (VPH). The grooves of a conventional surface grating are,
in VPH gratings, replaced by modulation of refractive index that extends in three
dimensions, the grating having thickness below the surface. Diffraction in this case
is analogous to Bragg x-ray diffraction in crystals. The spacing between adjacent
layers of high index across a diffractive lens made as VPH will be in practice nearly
equal to the groove spacing g(x) in equations 2, 3 and 4 above. VPH gratings may be
made very efficient at diffracting in either the +1 or the -1 order over a range of
wavelengths, by slanting the layers to the right or the left so that Bragg reflection
favors the direction of the diffracted wavelength for which the highest efficiency is
required.

VPH gratings can readily be made with variable grating period as needed to
obtain the line focus. The efficiency for first order diffraction for any given period
depends on wavelength, amplitude of index modulation and Bragg plane slant angle
and thickness or depth. The efficiency of diffraction into first order can be maximized
and that into second order reduced, with benefit in this application, by making the
index modulation close to sinusoidal. The spectral bandwidth can be increased by

changing slant angle and refractive index modulation through the grating thickness.
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Another advantage of VPH gratings over surface groove gratings is that back-
scatter is generally less, and thus the transmission of the diffuse component is higher.
VPH gratings may be manufactured with low cost, scalable methods.

Embodiment 1; Module with an air gap and separation wavelength ., = 700 nm

Here we provide a specific design for a module optimized specifically for a
separation wavelength of 700 nm and an air gap between the diffracting plane and the
cell plane. The grating period depends only on angles, and will be the same for the
same geometry at different scales. Referring to Figure 5, we take the air gap between
the diffracting plane 2 and the cell plane 5 to be 90 mm, the wider bandgap cell strip
722 to have width 25 mm and the narrower bandgap cells 724 to have width 55 mm.
Table 1 gives the diffraction strip lens properties as a function of x given in column 1,

the distance from the boundary of strip lenses 712 and 714 in Figure 5.

1 2 3 4 5 6
x (mm) | g(x) (um) | Bs degrees | A(blaze) | B(blaze) Bragg plane
nm degrees slant angle

5.09 7.9 900 10.2 33
3.67 11.0 900 14.2 4.6

10 2.89 14.0 900 18.2 5.8

15 2.40 17.0 550 13.3 4.3

20 2.06 19.9 550 15.5 5.0

25 1.82 22.6 550 17.6 5.6

30 1.64 253 550 19.6 6.3

35 1.50 278 550 21.5 6.8

40 1.39 30.3 550 23.3 7.4

Table 1. Diffraction strip lens design for air gap module.
Column 2 lists in micrometers the groove spacing or index modulation period g(x)
where g(x) is as shown in Figure 4, and is calculated according to equation 3 for a
separation wavelength As = 700 nm. Column 3 of Table 1 lists the angles in degrees of
the diffracted rays at 700 nm wavelength resulting from the diffraction strip lens

defined in this way, from equation 1. These groove spacings result in all the rays at
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700 nm wavelength diffracted in first order being brought to the line focus at the cell
strip edge.

Column 4 gives the wavelength chosen for peak diffraction efficiency in the
first order, and column 5 the corresponding blaze angle. For x values below 1.25 mm,
where entering rays are above the wider bandgap cell strip, the blaze angle is chosen
to maximize the diffraction efficiency at blaze wavelength 900 nm, to direct
wavelengths longer than the separation wavelength away from this strip and onto the
narrower bandgap cells. For x values greater than 1.25, where entering rays are above
the narrower bandgap cells, the blaze angle is chosen to maximize efficiency for
diffracting wavelength 550 nm onto the wider bandgap cells, whose conversion
efficiency is higher. Column 6 of Table 1 gives the slant angles a as a function of x
needed to obtain the desired blaze wavelengths for a diffraction strip lens made as a
volume phase grating of average index of refraction n=1.52.

The range of groove spacings and wavelengths for peak efficiency in first
order diffraction for the design of this embodiment are well matched to what has been
demonstrated in VPH grating manufacture. As an example, Figure 8 shows in curve
401 the efficiency of diffraction into first order of a commercial volume phase grating
made by Wasatch Photonics (wasatchphotonics.com). This grating has a fixed Bragg
plane spacing g of 1.67 micrometers, and is designed for peak efficiency in first order
at 600 nm wavelength. The spacing is very close to that listed for this embodiment in
Table 1 for x = 3 mm. The efficiency curve shows 82% of the incident light is
diffracted into first order at 600 nm. The efficiency remains above 70% from 510 to
710 nm, and above 60% from 470 to 760 nm. Most of the light that is not in the first
order is not diffracted at all and passes through without deviation (Oth order
diffraction).

Figure 8 shows also in curve 411 the measured efficiency of diffraction into
first order of another VPH grating made with fixed spacing g = 3.33 micrometers, as
reported by Barden el al, PASP 112, pp 809 — 820, 2000. The characteristics of this
grating are close to the desired properties of the diffractive strip lens of this
embodiment at x=0.5 mm, as shown in Table 1 (3.67 micrometer spacing). The
efficiency of diffraction in first order for this grating is 70% or greater from 700 to

900 nm, with a peak of 75% at 800 nm, and is above 60% at 1000 nm. This particular
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grating does show in curve 412 significant diffraction of blue light into second order,
30% at 500 nm. This would be diffracted in the same direction as the 1000 nm light,
i.e. toward the narrow bandgap cell. However, for the diffractive strip lens optimized
specifically for our application, this order may be reduced by design optimization, for
example by making the refractive index modulation close to sinusoidal.

Effect of non-normal illumination on spectral separation for embodiment 1.

Performance will depend on the type of solar tracker used to orient a module
according to this invention. For the highest output through a day, the module may be
mounted on a dual axis tracker, so that the entrance window plane 2 may be held
perpendicular to the sunlight at all times. The analysis given so far for this
embodiment is for the case of illumination by collimated light, i.e. all rays parallel, at
normal incidence on the entrance window. In practice, because of the finite angular
size of the sun, even if the module is ideally oriented perpendicular to the sun, the
diffractive separation will not be perfectly sharp.

Figure 9 shows the spectral separation realized for embodiment 1 by first order
diffraction alone for the lower bandgap (300) and higher bandgap (301) cell strips,
when the angular extent of the sun is taken into account. It is further assumed that the
direction to the center of the sun’s disc is normal to the device entrance window, and
thus that rays from the edge of the sun’s disc, which is %2 degree in extent, lie at up to
Va degree off-normal. The resulting spectral separation for first order diffracted rays is
plotted for the range of wavelengths from 380 nm, near the shortest extent of the solar
spectrum in the ultraviolet, to beyond 1100 nm in the infrared, where the conversion
efficiency of silicon falls to zero. The effect of the finite angular size of the sun is
that separation is not perfectly sharp at the 700 nm separation wavelength. The
separation region extends from 680 to 720 nm.

Figure 10 shows the added effect on first order diffraction if the dual axis
tracker is not accurate, in the case that the module is pointed away from the center of
the sun by %2 degree, in a direction about an axis parallel to the grating grooves, i.e.
about the tracking axis when a single axis tracker is used. In this case, the line focus
formed at the separation wavelength from half the strip lenses is displaced onto the

wide bandgap cells, and the other half onto the narrow bandgap cells. As shown by
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the plots for the lower bandgap (300) and higher bandgap (301) cells, the separation
region now extends from 635 to 765 nm.

Another type of misalignment will occur if the device is mounted on a single
axis tracker whose rotation is about a horizontal axis in a North-South direction, as
commonly used in large scale solar installations. The module is oriented so that the
lens and cell strips 4 lie in the N-S direction, as illustrated in Figures 1 and 2. The
module is turned during the day about a N-S axis 6 so that the sun’s rays always enter
the module perpendicular to the module edges 9. In this case, illumination by
sunlight is in general not at normal incidence, but is rotated about the direction of the
module edge 9 at a skew angle 6; to normal. The sensitivity of the spectral separation
is then much less than for the case of Figure 10, but may still be significant for
example in winter, when the sun’s rays in the middle of the day will at a significant
angle ¢ from the normal to the grating grooves.

The effect of skew-angle illumination is calculated as follows. The condition
for first order diffraction is

A= g [sin(61) +n; sin(6)] &)

For illumination by light at angle ¢ away from the normal in the perpendicular
direction, the line focus at wavelength %s is formed closer to the diffraction plane
(v=0) by afactor

V(1- sin(p)*/ns?). (6)

When illuminated by wavelengths A other than is the angle of first order
diffraction 0 is related to the angle of diffraction Os at the separation wavelength As
by the relation

sin O = A/ sin0 @)

Thus the diffracted angle is increased for wavelengths longer than is and
decreased for wavelengths shorter than As.

Figure 11 shows the spectral separation obtained when ¢ = 30 degrees, where
again the plots are for the lower bandgap (300) and higher bandgap (301) cell strips.
The separation is now shifted to a shorter wavelength of 615 nm. This shorter
wavelength comes to a line focus at the boundaries of the cell strips. The separation
remains sharp, because this shorter wavelength is now focused along the edges of the

high bandgap strip. The effect of this shift in the separation wavelength will be to
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reduce somewhat the overall efficiency. The fraction of the spectrum from 615 to 700
nm that was directed to the wide bandgap cells is now directed to the narrow bandgap

cells, where it will be converted with lower efficiency.

Embodiment 2, implementation on glass

In this embodiment, the invention is realized in a form similar to a
conventional PV module: the cells are encapsulated on the back of a sheet of glass,
and sunlight enters through the front of the sheet, to which are attached the diffracting
strip lenses. This configuration is simple, is free from the dielectric reflection losses
incurred by an air path, and has improved tolerance to skew-angle illumination, as
shown below. It has the manufacturing disadvantage of requiring assembly of a large
number of narrow cell strips, but this may be overcome by robotic assembly.

Figure 12 shows a schematic cross section a second embodiment of this
invention in which the sunlight light propagates through a sheet of glass, 740,
between the diffractive lenses in plane 2 and PV cells 722 and 724 in the plane 5. The
glass sheet 740 forms the structural support of the device, as in a conventional PV
module. The strip lenses 712, 714, 716 and 718 are protected by a protective glass
sheet 705. In one aspect, the strips 722 of wider bandgap cells are attached to the back
of the glass plate 740, with the photovoltaic current carried by conductors 732 behind.
A continuous narrower band gap cell 724 of material such as silicon is set behind the
cell strips 722, with conductors760, and attached by an optical coupling medium 719.
Weather protection is provided as in conventional PV module by an encapsulant 770

and polymer 780.
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Table 2. Diffraction strip lens design for embodiment 2

In one aspect of this embodiment, the glass is 6 mm thick and has index
n=1.52. The separation wavelength is again taken to be 700 nm. The width of the
wide bandgap cell strips is chosen to be 1.5 mm and the center-to-center separation of
the strips to be 5 mm. Table 2 gives for this design the diffraction strip lens grating
properties as a function of x, the distance from the lens edge (column 1). Column 2
lists the groove spacing or index modulation period g(x) where g(x) is as shown in
Figure 2, and calculated according to equation 3 for a separation wavelength of 700
nm. Column 3 of Table 2 lists the angles of the diffracted rays at 700 nm wavelength
resulting from the diffraction strip lens defined in this way, from equation 1. All the
diffracted rays at 700 nm wavelength are brought to the line focus at the strip edge.

Columns 4 and 5 give the blaze angles of diffraction needed for peak
diffraction efficiency into first order at 550 nm wavelength and 900 nm wavelength,
respectively. For x values up to 1.25 mm, the blaze angle is chosen to maximize
efficiency of diffraction at 900 nm, to direct wavelengths longer than the separation
wavelength away from the wide bandgap and onto the narrow bandgap cells. For x
values from 1.25 to 4 mm the blaze angle is chosen to diffract light at a wavelength of

550 nm away from the narrow bandgap and onto the wide bandgap cells with
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maximum efficiency. For strip lenses made by volume phase holographic technology,
column 6 of Table 2 gives the slant angle (and thus the angle of incidence o) as a
function of x needed to obtain the desired Bragg peak wavelengths.

Figure 13 is a schematic diagram showing the strip lens design of Table 2
implemented as volume phase holograms. The tick marks correspond to the 0.25
mm increments in X given in Table 2. Across the first element 714 the spacing
decreases monotonically, as shown in column 2. The slant angle across this strip lens
is always to the right, as needed to boost —1 order diffraction of rays to the left, as
shown for element 714 in Figures 4 and 5. In the second strip lens 716 the spacing
increases monotonically. The slant angle across this strip lens is always to the left, as
needed to boost +1 order diffraction of rays to the right, as shown for strip lens 716 in
Figure 5. Strip lens 718 repeats strip lens 714. Over the first part 7141 of the strip
lens 714, the slant angle is chosen to maximize — 1 order diffraction at 900 nm, as
listed in column 6 of Table 2. Over the second part 7142 of the strip lens 714, the
slant angle is chosen to maximize the —1 order diffraction at 550 nm. Over the first
part 7161 of the strip lens 716, the slant angle is chosen to maximize +1 order
diffraction at 900 nm, while over the second part 7162 of the strip lens 716, the slant
angle is chosen to maximize +1 order diffraction at 550 nm.

Effect of non-normal illumination on spectral separation.

The analysis given so far for this second embodiment is for the case of
illumination by collimated light, i.e. all rays parallel, at normal incidence on the
entrance window. In practice, because of the finite angular size of the sun, and
because the system may not be ideally oriented perpendicular to the sun, the
diffractive separation will be not be perfectly sharp.

Figure 14 shows the separation realized by first order diffraction for different
wavelengths when the angular extent of the sun is taken into account. It is assumed
that the direction to the center of the sun’s disc is normal to the device entrance
window, and that thus that rays for the edge of the sun’s disc, which is 2 degree in
extent, lie at up to Y degree off-normal. The resulting spectral separation for first
order diffracted rays is plotted for the range of wavelengths from 380 nm, near the
shortest extent of the solar spectrum in the ultraviolet, to 1100 nm in the infrared,

where, as shown in Figure 7, the conversion efficiency of silicon is essentially zero.
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The effect of the finite angular size of the sun is that the separation is no longer
perfectly sharp at the 700 nm separation wavelength. The separation region extends
from 685 nm to 715 nm. The broadening is less than for embodiment 1, because
diffracted rays now pass not through air but glass of refractive index n3 of
approximately 1.52, (see equation 4).

Figure 15 shows the effect of tracking error in which the device with the
design given above, with n;=1.52, is pointed away from the center of the sun by 2
degree, in a direction about an axis parallel to the lens and cell strips. In this case, the
line focus formed at the separation wavelength from half the strip lenses is displaced
onto the wide bandgap cells, and the other half onto the narrow bandgap cells. The
separation region now extends from 660 to 740 nm. The shift and broadening is again
less than for embodiment 1, because of n; is increased from 1 to 1.52, see equation 4.

Another type of misalignment will occur if the device is mounted on a single
axis tracker whose rotation is about a horizontal axis in a North-South direction, as
commonly used in large scale solar installations. The module is oriented so that the
strips 4 lie in the N-S direction, as illustrated in Figures 1 and 2. The module is turned
during the day about a N-S axis 6 so that the sun’s rays always enter the module
perpendicular to the module edges 9. The sensitivity of the spectral separation to a
given skew angle misalignment is then much less than for the case of Figure 15, but
may still be significant for example in winter, when the sun’s rays in the middle of the
day will at a significant angle ¢ from the normal to the grating grooves.

Figure 16 shows the spectral separation obtained when ¢ = 30 degrees, now
for the case with n;=1.52. The separation remains sharp, shifted to a wavelength of
665 nm. The line focus is now formed at the edges of the wide bandgap cell strips at
this wavelength. The wavelength shift from 700 nm to 665 nm for ¢ = 30 degrees is
less than for embodiment 1, because of refraction in the glass plate. The fraction of
the spectrum from 665 to 700 nm that was directed to the wide bandgap cells is now
directed to the narrow bandgap cell, where it will be converted with lower efficiency.
The overall efficiency reduction from this shift is small, corresponding to ~2.5%
relative loss in output power. Even for the most extreme value of ¢ =55 degrees for
the winter solstice at latitude 32.5 degrees, the shift of the separation wavelength is to

600 nm for a worst case 7.5% relative loss. Averaged over the year, the loss from
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skew illumination for a single axis tracker compared to a dual axis tracker for
embodiment 2 is around 1%. Embodiment 2 is in general better performing in terms
of both wavelength shift and separation wavelength broadening, because of the
mitigating effect of refraction in the glass sheet.

It will be apparent to those familiar with the art that the characteristics of the
cells of different bandgaps and the separation wavelengths for the above embodiments
are examples only, and for other cells, the optimization will be at other wavelengths.

Those skilled in the art, after having the benefit of this disclosure, will
appreciate that modifications and changes may be made to the embodiments described
herein, different design parameters and materials may be substituted, equivalent
features may be used, changes may be made in the assembly, and additional elements
and steps may be added, all without departing from the scope and spirit of the
invention. This disclosure has set forth certain presently preferred embodiments and
examples only, and no attempt has been made to describe every variation and
embodiment that is encompassed within the scope of the present invention. The scope
of the invention is therefore defined by the claims appended hereto, and is not limited

to the specific examples set forth in the above description.
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CLAIMS
What is claimed is:

1. A solar PV module for generation of electricity when mounted on a single
axis tracker, characterized in that a first type of PV cells are provided having a first
wider bandgap, and a second type of PV cells are provided having a second narrower
bandgap;

a receiving plane is provided with a plurality of strips of the first type of PV
cells having a first wider bandgap, and having a plurality of strips of the second type
of PV cells having a second narrower bandgap, where the strips of the first type of PV
cells are laterally-separated and arrayed in alternating strips with the strips of the
second type of PV cells, such that there are alternating strips of wider and narrower
bandgap PV cells, where all of the strips are oriented parallel to the single axis of
tracking;

a planar entrance surface spaced ahead of and parallel to the receiving plane,
arrayed with linear transmission diffraction strip lenses covering essentially the full
area of the entrance surface, the diffracting strip lenses configured in opposing pairs,
each pair being associated with, parallel to and located above a first type of PV cells
having a wider bandgap, in which sunlight is spectrally divided and directed
preferentially toward the first type of PV cells and the second type of PV cells,
respectively;

the diffracting strip lens in each paired strip lens being constructed with
variable pitch, such that light at a single separation wavelength s, on entering the first
side of a strip lens is diffracted in first (+1) order to cross over a first edge of a strip of
the first type of PV cells below to focus in a line along a second edge of said strip of
the first type of PV cells, and light at the single separation wavelength s, on entering
the second side of a strip lens is diffracted in first (— 1) order to cross over the second
edge of said strip of the first type of PV cells below to focus in a line along the first
edge of said strip of the first type of PV cells, an arrangement called a “cross eyed
strip lens™;

wherein the module thus constructed with cross-eyed strip lenses and
alternating strips of first and second types of PV cells has the desired property that
shorter wavelengths A< are cross-diffracted onto strips of the first type of PV cells
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having a wider bandgap, while longer wavelengths A>is are diffracted onto
intervening strips of the second type of PV cells having a narrower bandgap.

2. The solar PV module of claim 1 characterized in that the diffracting strip
lenses are volume phase gratings with variable Bragg plane spacing and tilt.

3. The solar PV module of claim 1 characterized in that the diffracting strip
lenses are diffraction gratings with variable groove spacing and blaze angle.

4. The solar PV module of claim 1 in which the diffractive strip lenses are
tuned to have highest efficiency in first order diffraction according to position across
the lens: in those regions of the diffractive strip lens that lie above a strip of the first
type of PV cells having a first wider bandgap where directly transmitted sunlight (0®
order diffraction) would pass through to said strip, the strip lens is tuned to have
highest efficiency for first order diffraction at longer wavelengths 2>k, which would
not be converted by the first type of PV cells having a first wider bandgap, and
conversely, in those regions of the diffractive strip lens where directly transmitted
light (0™ order) would pass through to a strip of the second type of PV cells having a
second narrower bandgap, the strip lens is tuned to have highest efficiency for first
order diffraction at shorter wavelengths A<s, which are less efficiently converted by
the second type of PV cells.

5. The solar PV module of claim 1 constructed using a flat sheet of glass or
other transparent material with diffracting lenses bonded to the entrance face of the
glass and photovoltaic cells bonded to the back face of the glass; wherein sunlight is
transmitted by the glass from the diffracting lenses to the cells with no air path, thus
minimizing dielectric reflection losses, spectral imbalance caused by sunlight entering

the module at skew angles, and loss of light by soiling.
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