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Abstract

Varian Associates, Inc. has designed and fabricated a spectrum split-
ting, concentrating photovoltaic module that uses point focus curved facet
Fresnel lenses to concentrate incident sunlight. The concentrated sunlight
beam spectrum is split into a high and low energy part by a dichroic filter.
The high energy part of the spectrum is transmitted to an AlGaAs solar cell
and the low energy part is reflected to a Si cell. Spectrum splitting and using
cells that respond best to the two parts of the spectrum gives a higher
efficiency than the use of either cell alone.

Varian has tested their experimental module, which consists of 10
AlGaAs and 10 Si cells, and has measured a sunlight to electricity conver-
sion efficiency of 20%.
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I. INTRODUCTION

This report describes the design, fabrication, and testing of a
dichroic filter spectrum-splitting module. This is the first demon-
stration of the spectrum-splitting concept at the module level, and has
achieved a record module efficiency -- 20.5%.

Spectrum splitting has long been recognized as an attractive means
of obtaining high photovoltaic conversion efficiencies. The idea is to
break the solar spectrum into different energy components. These compo-
nents illuminate two or more solar cells, each with a different bandgap.
This mode of operation effectively circumvents the design compromise
encountered when using a single solar cell -- i.e., a low bandgap is
desirable for collecting more photons, but a high bandgap is needed to
get a high operating voltage.

The dichroic filter used in this module breaks the spectrum into
two components. This filter consists of multiple dielectric layers laid
down on a glass substrate. It has a sharp cutoff near the bandgap of
the high-bandgap cell, so that high energy light transmits to this cell
(made of AlGaAs), while low energy light reflects to a silicon cell.
This type of configuration was originally demonstrated in 1978.] The
present work represents a significant advance in that the concept has
been extended to the module level without a sacrifice in efficiency.

This report has five sections. The first describes the mechanical
assembly of the module. The second discusses the optical system. The
third section presents a description of the solar cells, and the fourth
outlines the testing program and the results obtained. Finally, a con-
clusion summarizes the results and discusses their significance.



IT. MODULE STRUCTURE

The module consists of ten concentrator cones mounted on a common
[-beam support. This is shown in Fig. II-1. Note that the hexagonal
shape of the cones allows close packing; a number of these modules could
form an array with a minimal loss of collection area. The acrylic cones
fasten to the aluminum support in a manner that anchors them firmly in
only one place. This permits relative motion of the plastic and a1um1num
in the plane of the beam to prevent warping of the assembly due to tem-
perature changes.

This relative motion is accomplished by slotting the holes in the
aluminum beam and securing the plastic cone with spring-loaded screws to
control frictional drag along the slot, while at the same time pre-
venting vertical motion by a high spring rate in that direction. Spring
lToading is accomplished by sandwiching a neoprene washer between two
steel washers and controlling compression of the neoprerne.

Figure II-2 shows an individual cone. . The top is closed by an acrylic
curved-groove fresnel tens, cemented in place. Chapter III discusses
the lens design in detaii. It has a hexagonal shape, with a diagonal
measure of 8", With an active area of 41.57 square inches, it provides
a geometric concentration ratio of 477 suns on a 1/3-inch-diameter cell.
The f number, in this case defined as the ratio of focal tength to
diagonal measure, is 3.8.

The upper body of the cone has a hexagonal shape matched to the
size of the lens. This is formed from flat acrylic pieces cemented
together. The lower body, also made of acrylic, has a square shape.

The interior of the cone is lined with a thin aluminum conical shield,
to prevent the beam of concentrated 1ight from damaging the plastic cone
during off-track operation. Additional heat shielding is provided with
aluminum aperture plates in front of the cell holders.
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The dichroic filter mounts in an aluminum frame 2.75 inches up from
the AlGaAs cell. It sits at an angle of 22.5 degrees. This may be ad-
Justed slightly in order to compensate for variations in the construction
of the cones.

A packaged cell, designed to fit into the jet impingement holder,
appears in Fig. II-3.* The cells themselves are described in Sec. IV.
The same packaging process was used for both HBG and LBG cells. The
package consists of 60-mil thick A1-300 alumina. The metal pattern is
fired-in molymanganese, with a Ni-Ag plating. Copper lead tabs, brazed
on, carry out the current.

The cell is vacuum soldered to the alumina baseplate with a Sn-3%Ag
solder. Contact to the top is made with a silver-plated copper leadframe.
The leadframe contacts the top of the cell die at each of the die's four
corners, through use of a Pb-In paste. The entire assembly is thus fab-
ricated in a two-step process, whereby the cell die is first soldered
to the baseplate and the leadframe then soldered to the corners of the
cell die.

The cells mount in plastic jet-impingement coolers, as shown in Fig.
IT1-3. These were originally designed to be a low-cost molded part, and
are similar to those made for an earlier Sandia contract (ET-78-C-04- 5313),
with a slightly smaller nozzle diameter to allow for the smaller diameter
of the active area and the Tower level of insolation on each cell. The
silicon cells mount in coolers made of PVC plastic; the AlGaAs cells
mount in Ryton coolers. PVC was selected for the silicon cells because
they are not expected to operate at high temperatures, owing to their
high coefficient of efficiency loss with respect to temperature. The
service temperature of PVC is about 65°C, and it is a relatively low-

*

The cell shown in the figure has a .49" diameter active area on a 172"
square substrate. The cells used in the module had a 1/3" diameter
active area on the same size substrate, fitting into the same package.
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III. OPTICS

This section discusses the spectral splitter's optics system. The
principal components are the curved-groove fresnel lens and the spectral-
splitting filter. The design of these and the performance of the actual
components are described below.

A. The Fresnel Lens

The fresnel lens was designed with the aid of a Monte Carlo ray-
trace computer program. This program takes into account such effects as
the finite width of the disc of the sun, dispersion in the lens plastic,
and groove draft angle and tip radius. The phaton energy range, lens
diagonal measure, lens-cell spacihg, groove depth, cell design diameter
and edge step width are defined by the user. The program then. generates
a facet table and, by drawing a specified number of rays from the sun to
the cell, plots the radial intensity distribution in the plane of the
cell.

Initially, both long and short focal length systéms were consi-
dered. The layouts are shown in Fig. III-1. In the long focal length
system, the filter is mounted at an angle. Light reflects to the low-
bandgap cell, which is mounted to the side of the beam. In the short
focal length system, the filter is not tilted and the cell receiving
reflected 1ight sits in the optical path. This added obscuration and
the larger filter size would tend to outweigh the advantages of a more
compact system with less critical alignment tolerances.

Another advantage of the long focal length system is shown in Fig.
IT1-2. This shows both lens-to-cell transmission and the ratio of peak-
to-average concentration as a function of lens-cell spacing. A ,4g"
cell and 11.7" diagonal measure lens were assumed. These values were
used early in the design, and later changed to the .333" cell and 8"



cost material, so that it is ideal for a cell cooler that should not
operate above 50°C. The coolers for the AlGaAs cells are made of Ryton
polyphenylene suifide} in order to allow the cooling water for these
cells to go as high as 100°C. This allows for the possibility of some
thermal recovery from the high-bandgap cells. ‘

The alumina baseplate packages fit into the holder over an QO-ring
seal. A cap, held in place with 2 screws, firmly forces the package
down onto the 0-ring. The copper lead tabs pass uncer this cap to the
screws, which fit through holes at the ends of the lead tabs.

The cooling system connects the ten silicon cell holders in one
series string and the ten AlGaAs cell holders in another. The two strings
connect in parallel. The most efficient flow rate is calculated to be
.0624 GPM (3.94 x 10'3 liters/second) through each cooler, or .1248 GPM
(7.87 x ]0'3 1/s) for the array.




Fig. III-1
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diagonal measure actually used. The shape of the curves in Fig. III-2

are the same for both systems, so that conclusions drawn therefrom are
identical. It is desirable to minimize the peak-to-average concentration
ratio while miantaining high transmission. This maximizes both fill

factor and short circuit current, thereby maximizing output power. Note
that while the transmission is about the same for short and long focal
length systems, the latter has a lower peak-to-average concentration ratio.
This, as well as the earlier-mentioned reasons, dictated use of a Tong
focal length design.

The principal drawback to this choice is sensitivity to tracking error.
Figure III-3 shows the lens transmission (fraction of lTight actually hit-
ting the cell) as a function of tracking error. The fong focal length
system is seen to be much more sensitive, requiring better than +.1°
accuracy. This is about three times more critical than the short focal
Tength system. As was learned in the test phase of the program, this is
compounded by the fact that the complexity of the optical system, with two
cells, a filter, and a lens, makes it very desirable to allow as much room
for alignment and tracking error as possible.

As stated above, the final choice of lens diagonal measure was 8 inches.
The focal length was 30.5 inches. The shop drawing of the lens blank is
shown in Fig. III-4. The computer input parameters and lens specifications
are shown in Fig, III-5. Figure III-6 shows the lens sag table. Figure
ITI-7 shows the predicted radial intensity distribution and Fig, III-8 is
a 3-dimensional plot of the same data; these were obtained by Monte Carlo
ray tracing. '

Sample lenses were delivered. These had imperfections due to diamond
tool marks. Optical Sciences Group (0SG, the manufacturer) claims this
was due to noise coupling on the single point machine that made the master.
As a result, the measured transmission (by laser scan) of the sample lens
was 84-85% rather than the anticipated 88-89%.

11
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Because of the added cost and the uncertainty as to whether retooling
would result in a significant improvement, it was decided to accept
these lenses. A more detailed discussion of lens transmission to 1/3"-
and 1/2"-diameter cells appears in Sec. V-2.

B. Filters

To optimize performance, it is necessary to have a filter that cuts
off sharply at the bandgap energy of the high-bandgap cell, 1.65 eV.
Furthermore, sidelobes must be minimized to prevent sending high-energy
photons to the silicon cell or low-energy photons to the AlGaAs cell.

A multilayer dielectric filter is required to achieve this performance,
and considerable design work was carried out under Sandia contract 07-
6953. In this contract, 17 layer filters had been designed and fabri-
cated.2 They had been shown to perform guite acceptably for this appli-
cation. The drawback was that these filters tended to degrade in humid
air, and were thus unacceptable for meeting the 20-year Tlifetime goal
for the optical components.

Rather than continuing the filter development work, it was decided
to simply order filters from an outside vendor, OCLI (Optical Coating
Labs, Inc.). While the filters received fell within the tolerances
specified by the vendor, they are, unfortunately, not ideal for the
present appiﬁcation. As can be seen from the transmission character-
istics shown in Fig, III-9, these filters (which are of a design_ and
composition proprietary to GCLI) have a cutoff at 1.55 eV rather than
the desired 1.65 eV, A good fraction of the light between 1.55 and 1.65
eV is thus transmitted to the AlGaAs cell, where it is of no use in-
producing electric power. In Sec. V-2, the magnitude of this loss will
be calculated.

18
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Iv. CELLS

The spectral splitter module employs ten silicon and ten A1'26a.8As
solar cells. These are packaged in a ceramic baseplate package developed
at Varian under earlier AlGaAs/GaAs concentrator cell programs. The
processes for fabricating these cells were developed under Sandia contract
07-6953.2 The following sections describe the efforts to fabricate and
test the necessary number of both silicon and AlGaAs cells.

A. The Silicon Cells

The structure of the silicon cells is shown in Fig. IV-1. With the
exception of a deep emitter to enhance red response, it is a typical
planar back-surface-field silicon solar cell. An n-type float zone
refined Czochralski substrate, 8-mils thick, is used for starting material.
The substrate is high resistivity to maintain a high 1ifetime. The
emitter is a boron-doped layer, .7 microns thick. This provides good.
red response while reducing emitter resistance. The base has a diffused
phosphorous layer, 1.6 microns deep, to serve as a back surface field.
The front surface is not textured, but has a 51'3N4 antireflection coating.-
The contacts are e-beam-deposited Ti-Pd-Ag on both front and back. The
measured diffusion 1ength'of the final structure is 480 microns, or more
than twice the base thickness.

Figure IV-2 shows a quantum yield measurement on such a structure.
While the blue response is poor, the response in the region of 1.2-1.65
eV is quite flat, so that these cells can be expected to respond properly
for the present application.

To speed up the program, it was decided to use Varian's jet impinge-

ment cooler, designed under phase one of the PRDA program.3 This cooler
accepts cells assembled into Varian's standard ceramic baseplate package.4

20
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This package, in turn, accepts cell die with a .5 x .5-inch format. To
accommodate this format, the contact grid mask used was a radial pattern
optimized for AlGaAs/GaAs cells operating at 400 suns, with a mean grid
line spacing of 60 microns and an obscuration of about 11%. Since this
pattern has an active area diameter of .49", a second photolithography
exposure was used to reduce the diameter to .333", as shown in Fig. IV-
3. As discussed in Section V-E.1, this reduction in size turns out to
be unnecessary, and in fact reduces efficiency by eliminating a gquard
band that would have both aided in alignment and caught light spilling
out of the central 1/3" area.

After packaging and flash testing, these cells were fitted with
cover glasses to protect the contact grid and allow for cleaning. The
cover glasses consisted of AR-coated glass discs, 1-mil thick, bonded to
the front of the cells.

The characteristics of the 19 silicon cells fabricated for this
program are tabulated in Table IV.1. These were obtained by flash
testing. The illumination level was set at 374 suns by use of a GaAs
calibration cell. These data show good uniformity in short circuit
currents and open circuit voltages. It is believed that the efficiency
numbers are too high, and should probably lie in the 15-16% range. The
reasons for the discrepancy are not certain; however, it is postulated
that the xenon flash lamp spectrum has spikes between the bandgaps of Si
and GahAs, Also, the short flash rise time is not far from the lifetime -
in the base region of these cells. The cells marked with an asterisk in
Table 4.1 were assembled into the module. It should be noted that the
cells received their cover glasses after flash testing. This was done
because the cover glass acts as a waveguide, giving an erroneous measure
of short circuit current.
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Fig. IV-3 Two stage masking to achieve ,333" pattern on .5" die.

.49" grid mask pattern (detail of radial grid not shown)

Overlay used to reduce size to .333".
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CELL

5A-9
*bC-7
5B-3
*5A-11
*5B-7
*5A-4
5B~9
*5B-1
*5A-12
*5C-9
*5B-5
*5A-5
SA-7
*5A-2
5C-10
5C-5
5C-4
5B-12
5B-6

TABLE IV.1

Is

6
68
6
6
6
6
6
6
6
6.
6
6
6
6
6
6
6
5
5.

SILICON CELL FLASH TEST CHARACTERISTICS

384 Suns (GaAs calibration cell)
Packaged cells, before cover glass application.

c
83 amps
81

723
697
.680
667
.610
.649
.631

63

.499
.480
.46

.405
.310
204
.05

.967

986

VOC

722 volts
727
.725
.730
.732
.728
.720
.725
732
731
725
.725
727
723
722
.721
.718
712
714

Notes: The efficiencies are probably too high.
The starred cells were used in the module as delivered to Sandia.
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FF

.61
.66
.63
.64
.63
.65
.55
.63
.68
71
.67
71
.62
.66
.68
.67
.69
.63
.64

See text.

Efficiency

17.3 %
19.0
18.1
18.3
18.4
18.1
15.6
18.1
19.5
20.0
18.8
19.2
17.3
18.1
17.7
17.3
17.1
15.8
16.3



B. AlGaAs Cells

The high-bandgap AlGaAs cells are essentially identical to Varian's
AlGaAs/GaAs concentrator ceHs,5 except that Al'ZGa'BAs replaces the
GaAs. The epitaxial structure of these devices appears in Fig. IvV-4.

The contact grid pattern is the same as on the silicon cell, as is the
packaging. The front contact metal is a Au-Mg-Au sandwich, followed by

a TiW barrier and a plated layer of Ag. In the back contact, Sn replaces
the Mg and a thick deposited layer of Ag covers the TiW.

Table IV.2 lists the flash test characteristics of the 18 cells in
the production run. The concentration was 393 suns and, as with the
silicon cells, the cover glass was not affixed to the cell until after
flash testing. It is significant to note that the characteristics of
these cells are considerably more variable than seen with the silicon
cells. This is in large part due to the variation in bandgap.

The cause of this variation is understood with the aid of Fig., IV-
5. This shows the fraction of aluminum in the epitaxial layer as a
function of the aluminum atomic fraction in the LPE melt for various
growth temperatures. Note that less than .17% aluminum is required in
the melt to achieve 20% AlGaAs. For a 10-gram melt, this is only 17
milligrams. To make matters worse, the slope of the curve is so steep
that the growth of even a single cell depletes the melt sufficiently to
significantly change the bandgap of the next cell grown with the same
melt. This problem is addressed in more detail in the final report of
Sandia contract 6953A;6 as a result, it has proven difficult to consis-
tently obtain a 1.65-eV bandgap in the AlGaAs cells over a large pro-
duction run using LPE.

Figure IV-6 plots the flash test efficiency and open circuit vol-

tages of the high-bandgap cells as a function of the bandgap of each
cell. As expected, the efficiency drops slowly with increasing bandgap,
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SCHEMATIC CROSS-SECTION OF [65¢eV SOLAR CELL
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Fig. IV.4 Schematic cross-section of 1.65-eV
Solar Cell. Dopings are in units of
(cm-3); dimensions are in microns.
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TABLE 1V-2 HIGH BANDGAP CELL FLASH TEST CHARACTERISTICS
393 suns (GaAs calibration cell)
Packaged cells, before cover glass application

CELL ISc VOc ff Efficiency Bandgap
*3/19 ARF#1 2.961 A 1.277 V .82 18.0 % + 1.57 eV
3/18 ALR#1 2.926 1.260 .82 17.6 1.60
¥3/13 CLR#1 2.894 1.303 .81 17.8 1.64
%3/20 ALR#1 2.876 1.261 .89 18.9 1.55
¥3/17 ALR#1 2.856 1.292 .83 17.7 1.62

3/13 BRF#1 2.848 1.305 .81 17.3 1.65
X3714 ALR#1 2.806 1.289 .79 16.6 1.63
%3719 BLR#1 2.762 1.257 .81 16.3 1.56
*%3/13 ALR#1 2.719 1.325 .83 17.3 1.66
*3/28 ALR#1 2.706 1.308 .84 17.3 1.64
3/25 BLR#1 2.593 1.346 .89 18,0 1.69
*3/11 BLR#1 2.571 1.351 .835 16.8 1.68
*£3/27 BLR#1 2.547 1.324 .82 16.1 1.65
3/12 BLR#1 2.510 1.328 .82 15,9 1.67
3/27 ALR#1 2.485 1.311 .80 15.1 1.66
2/20 ILR#1 2.438 1.312 .76 14.1 1.66
3/26 ALR#1 2.438 1.334 .82 15.5 1,68
2/21 ILR#1 2.202 1.318 .76 12.8 1.64

Note: Cells marked with an asterisk were assembled into the module de]ivered
to Sandia.
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since the cell can use less incident tight for carrier generation.

Except for the three lowest bandgap cells, the open circuit voltage

versus bandgap values 1ie on a line with a slope of about unity (actually,
.9). Extending the least-squares fit to the GaAs bandgap, 1.425 ey,

gives an open circuit veltage of 1.12 volts, about that seen for LPE

GaAs cells.

This variation has, in fact, worked to our advantage. This is
because of the low cutoff of the dichroic filters. To capture some of
the 1ight above 1.55 eV sent to the high-bandgap cells, the AlGaAs cells
with the Tower bandgaps have been used in the module. This matter will
be discussed in more detail in Sec. v-D.2.

31




V. MODULE TESTING

- Module testing occurred during July-October, 1980, on the Varian
solar-tracking array mounted on the roof of building 7 of Varian Asso-
ciates in Palo Alto, California. The module was aligned and I-V charac-
teristics of individual cells within the module were measured. A wiring
configuration for the module was chosen, with cell placement based on
the individual cell characteristics. The chosen configuration wired the
high-bandgap (HBG) cells and the Si cells into a single output with a
voltage and current at peak power point of around 5.3-5.5 volts and 8-9
amps, respectively. Finally, the I-V characteristics of the complete
module were measured. The best result was 20.5% at 783 w,/m2 insolation.
The module efficiency of over 20% is the highest so far achieved for a
photovoltaic module,

i Cell Alignment

Proper cell alignment is, of course, necessary for the module to
achieve its peak performance. The mechanical complexity of the module
makes the alignment process rather time consuming. A preliminary align-
ment was attempted before mounting the module on the array, by use of a
laser, but that method was not found to be accurate enough. Therefore,
all alignment was done with the module on the array tracking the sun.
The long focal length lenses make the module quite sensitive to tracking
errors. It is especially important that the tracking error not vary
during alignment. A sight consisting of a small long focal length glass
lens and a target upon which an image of the sun was projected was
installed on the array in order to monitor the array tracking accuracy.
The sight proved to be very useful in cell alignment and subsequent
module testing,

The first step in module alignment is alignment of the 10 individual
hexagonal cone assemblies. Each cone is aligned by placing shims between
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the cone and the support frame. The cones are aligned so that light can
be passed through the heat shield and fall on the HBG cell without
hitting any obstruction.

The individual cells are aligned next by loosening the nuts or
screws hoiding the cell holders to the cone; and, while monitoring the
cell short circuit current, moving the cell holder laterally to achieve
a peak value of short circuit current. It is also helpful to note the
position of the Tight spot with respect to the cell surface during this
adjustment (best done while wearing welding goggles). Aligning of the
Si cells may also require adjustment of the angle of the spectral--
splitting filter by loosening its four support screws and adjusting it
for best visual alignment of light onto the Si cell.

B. Method of Testing

The test setup is shown in Fig. V-1, for tests of both the compiete
module and of individual cells within the module. The module was instal-
led on the Varian two-axis solar tracking array on the roof in Palo
Alto. The module was tested by measuring its I-V characteristics under
computer control to find the peak power point.

The module was connected to an active load consisting of four
germanium power transistors in parallel. The load is controlled by an
HP-9835 computer via a programmable power supply. The 9835 computer
also controls a digital multimeter which is switched through relays to
read module voltage and current, and the output of an Epply normal
incidence pyrheliometer (Model NIP) that is mounted on the array.

The computer program to measure the module I-V characteristics

first measures the open circuit voitage and short circuit current, and
then searches for the peak power point through a series of iterations in
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which the load is set, and voltage and current are measured. Figure V-2
shows a sample of the output from the program.,

The first single-cell measurements that were made on the module
were done with a similar test setup, but having a different active Joad.
Instead of the germanium power transistors, the active Toad consisted of
a computer-controlied power supply in series with a ballast resistor and
with the cell under test. That test setup was abandoned because it
could not accommodate the high currents generated by the AlGaAs/GaAs
cell module built under Sandia contract 42-7248, which was under test
concurrently with the spectral-splitter module.

The module was cooled by a mixture of 15% ethelene glycol, 85%
water. The coolant flowed through two paraliel paths, one path through
the HBG cells in series and one through the Si cells in series. For
most of the test runs, the coolant was cooled by a chilled water Tloop
from the building recirculating water system. The coolant temperature
was not otherwise controlled. The coolant temperature was monitored by
four thermistors, one each in the inlet and outlet of the Si and HBG
coolant paths. The thermistors were monitored periodically, and the
temperature for a particular I-Y measurement was interpolated from the
thermistor data.

C. Single-Cell Test Results

Cells were initially selected for the module on the basis of flash
test efficiencies. With the module complete and on the array, 1-V
characteristics for individual cells were measured in sunlight. On the
basis of these tests, three HBG cells which did not perform as well as.
would have been expected from the flash test data were replaced. Table
V-1 lists the cells that were replaced.
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TABLE V-1

Initial Cell Replacement

Cells Removed Cells Added
Cell No. Bandgap Cell No. Bandgap
3/18/80 ALRI1 1.60 3/19/80 BLR1 1.56
3/26/80 BLRI1 1.67 3/14/80 ALR} 1.63
3/25/80 BLRI 1.69 3/27/80 BLR] _ 1.65

The average bandgap of the cells added is 0.04 eV lower than for
the cells removed. As was discussed above in Section III-B, the spectral-
splitting filter cutoff was at about 1.55 eV rather than the designed
cutoff of 1.65 eV. Thus the slightly lower average bandgap of the cells
added helps to compensate for the filter characteristics. No filter was
used in the flash testing, so the effect of the filter cutoff was not
seen in that data.

Table V-2 shows roof test data for individual cells, for the cells
in the module as shipped. The measured individual cell efficiencies are
somewhat 1ess than would be expected from the overall module performance,
discussed beiow in Sec. V-E. The slightly lower cell efficiency values
occur because the programmable load can only make discrete steps in
resistance, and the steps are large enough that for single-cell measure-
ments the computer is unable to find the peak power point with high
accuracy. By plotting the power out versus voltage points as measured,
and interpolating the peak power point, the measured peak power may be
as much as 8% Tlower than the true peak power for the individual cell

measurements,
An attempt was made to test the effect of varying the cell-to-lens

spacing on cell performance. Cells were moved farther back from the
tens by placing 1/8-inch spacers between the cell holders and the module
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TABLE v-2
Roof Tests of Individual Cells in Module Date of 8/18/80

Cell ISC VOC ff Efficiency Inso]gtion
Amps = Volts % W/m
3/13 ALR #1 3.16  1.289 .820 15.42 807.3
3/11 BLR #1 2.94  1.312 .819 14.61 804.5
3/27 BLR #1 2.97 1.278 .827 14,43 810.8
3/28 ALR #1 3.09 1.269 819 14.63 816.6
3/13 CLR #1 3.18  1.263 .785 14,52 810.0
3/17 ALR #1 3.22 1.247 .799 14.69 815.5
3/20 ALR #1 3.08 1.224 .833 | 14,18 824.3
3/19 BLR #1 3.25 1.216 .790 14.09 827.2
3/19 ARF #1 3.31 1.237 .820 15,19 823.6
3/14 ALR #1 3.15 1.248 787 14.11 816.6
Si 5A-4 2.21 .656 718 4.78 809.5
Si bA-2 2.41 .661 .680 - 5.02 804.3
Si 5A-11 2.46 .667 .701 5.24 816.4
Si 5B-1 2.38 663 .702 5.10 808.4
Si 5B-5 2.43 .664 .704 5.21 814.3
Si 58-7 2.41 .666 724 5.28 820.2
Si 5A-5 2.53 .663 731 5.12 829.9
Si 5C-7 2,25 .660 726 4.85 828.3
Si 5A-12 2.24 .661 .739 4.98 819.4
Si 5C-9 2.38 .667 .735 5.34 813.1

38



housing. Several cells were tested with varying numbers of spacers,

The results were not definitive because the cel] alignment was not
exactly the same for the different number of spacers, since it was
necessary to realign the cell for each change in number of spacers and
because the insolation leve] changed somewhat during the time required

to change the number of spacers. Nevertheless, the efficiency of the
cells seemed to be slightly improved with one 1/8-inch spacer, so spacers
were placed on each cell holder before the module was tested as a unit.
The spacers were in place when the module was shipped to Sandia.

Measurements were also made with all the Si cells in one series
string, with all the |BG cells in a series string, and with the HBRG
cells in two series strings of 5 cells each, each string being measured
separately. Extensive measurements were not made with the cells in
these configurations, but the results indicate that very little power
was lost by wiring the module into the series-paralle] configuration
described below.

D. Wiring Configuration for the Module

The wiring configuration chosen for the module is shown in Fig. v-
3. It exploits the convenient fact that at the peak power point, the Si
cell voltage is very nearly half that of the HBG cell voltage. The
wiring configuration consists of three paralle] strings of cells, with
two of the strings each consisting of 5 HBG cells in series, and the
third string of all 10 S cells in series. There is one bypass diode 1in
parallel with each cell in the module.

The cell placement in the strings is shown in Table V-3, where the
cells are listed by cell number in their arrangement within the module.
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TABLE V-3

HBG Cell Placement in Module

HBG Cell Series String HBG Cell Series String

Holder # Cell # Holder # Cell #
11 3/14 ALR #1 5 3/19 ARL #}
6 3/20 ALR #1 10 3/13 CLR #]
19 3/19 BLR #1 13 3/17 ALR #]
3 3/27 BLR #] 1 3/28 ALR #1
18 3/11 BLR #1 16 3/13 ALR #1

The HBG cell placement was determined by matching the individual cell
characteristics by the following criteria:

1)  The current at the peak power point should be nearly the same
for each cell in a series string.

2)  The sum of the voltages at peak power point for each of the
three series strings should be as nearly equal as possible.

The cell matching was done by hand. The module output was then simulated
by a computer program which generates the module I-V curve by summing
individual cell I-V characteristics. The program was used to verify

that the cell placement of Table V-3 gave a higher power output than
other cell placements tested.

The program was also used to simulate a different wiring configu-

ration, cne consisting of 5 cell groups in series, each group made up of
twe Si cells in series, and the two Si cel] strings in parallel with the
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two HBG cells. Using the -omputer program, we were not zhle to fird a
- cell arrangement wit!iin that configuration that give as high a module
efficiency as the conf’guration of Fig. V-3, so the second configuration

wa:s not tested.

E. Moduie Test Results

1. Test Data

The module was wired in the configuration described in Sec. V-
D and its output I-V curve was measured_dver a period of several days.
The data from this testing is presented as Appendix A. The best results
were obtained on October 8, after the lenses had been washed and the
cells had been very carefully realigned. Table V-4 shows the highest
efficiency data points excerpted from'the‘daté of October 8th, and Table
V-5 presents all the data for October 8th. The efficiencies measured
are plotted versus insolation in Fig.. V-4, | |

TABLE V-4

Spectral Splitter -- Best Efficiencies
Data of 10/8/80

Time Eff. Insol. Air Mass CooTant Temp Vp Ip Pp

— () (md)  (eale) (o) (V) (&) W
3.57 20.53 783.4 2.10 ' 35 5.43 7.94 43.15
3.05 20.36 847.1 1.70 - 36 5.52 8.38 46.25
1.37  20.21 883.2 1.43 ' 37 5.35 8.95 47.87

The air mass listed in the tables is that calculated for the time,

date, and Tocation of the test, and does not account for actual atmospheric
conditions. The insalation was measured with the normal incidence pyrhelio-
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Spectral Splitter Module Test Results of October 8, 1980

Efficiency

TABLE %5

Time Insolation Air Mass Coolant Temp. Comments
{PDT) (%) (W/m2) (calculated) (°c)

11:44 20.20 829.4 1.49 33.6 Lenses cleaned
11:50 20.19 840.7 1.47 33.8 10/7/80
11:53 20.21 834.2 1.47 33.9

11:55 20.18 837.7 1.46 33.9

12:09 20.21 847.7 1.44 34.4

12:28 20.15 853.7 1.42 35.1

12:41 20.20 861.3 1.41 35.4

12:52 20.21 862.8 1.41 35.7

12:53 20.24 867.0 1.41 35.7

1:01 20.01 862.9 1.47 36.0

1:02 19.94 865.2 1.41 36.0

1:14 20.16 869.2 1.47 36.3 Re-aimed array
1:15 20.19 866.6 1.41 36.3

1:32 20.11 883.0 1.43 36.6 Coolant flow
1:34 20.15 876.6 1.43 36.7 iQéSi?iSdf?ﬁw
1:37 20.21 883.2 1.43 36.7 meter.

3:02 20.28 844.7 1.69 35.6

3:03 20.31 844.1 1.69 35.6

3:05 20.36 847 .1 1.70 35.6

3:06 20,39 842.9 1.70 35.6

3:08 20.38 837.4 1.72 35.6

3:24 20.38 842.6 1.82 35.6

3:40 20.33 812.7 1.94 35.6

3:57 20.53 783.4 2.10 35.4
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meter for each I-V curve measured. The coolant temperature Tisted is
the average of the measured inlet and outlet temperatures for the Si
and HBG coolant paths, interpolated for the time of the I-V curve from
the temperature measurements made throughout the day.

The coolant flow was about 16 gallons per hour for the whole module
for all of the data measured except for some of the October 8th measure-
ments, when the coolant flow meter was removed from the 1ine. With the
flow meter removed, the flow is estimated to be as much as twice that
with the meter in place. The 16 galions/hour flow is about twice the
calculated optimum flow. No attempt was made in the measurements to
find the actual optimum coolant flow, and the pressure drop across the

module was not measured.

An attempt was made to do a multiple regression analysis to the
measured data to fit the efficiency to an equation of the form:

n o= ong* AT + BI s

where n is the measured efficiency, I the insolation, T the average
coolant temperature, and Ny A, and B are constants. The fit was not
successful, however. The values of the constants depended on which
day's data was used for the fit. Even worse, for some day's data, A or
B came out positive, contrary to expectations.

Two factors which probably caused the fit to be unsuccessful are
the two different types of cells in the module, and the varying atmospheric
conditions during the testing. The HBG and Si cells are expected to
have different temperature coefficients, and it is not obvious how the
two coefficients affect the overall module performance with temperature.
A further complication is the fact that the HBG and Si cells have differ-
ent thermal 1cads.
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Two atmospheric conditions which could affect the module perfor-
mance are humidity and haze, both of which were present to varying
degrees during the testing, but were not measured. The humidity affects
the solar spectrum incident on the module, thereby affecting the module
efficiency. Haze can also affect the measured efficiency by 'scattering
the sunlight. On many of the test days, particularly in the morning, a
light haze was present which, while not obscuring the sun, did scatter
enough 1ight to produce a noticeable bright area in the sky around the
sun. The pyrheliometer entrance aperture is 5°43', about 10 solar
diameters, so the pyrheliometer sees a larger area of sky around the sun
than the module does. Thus on hazy days, the pyrheliometer reading will
be higher relative to the module output than on clear days, for otherwise
constant conditions.

2. Comparison to Past Split spectrum Work

It is important to compare thejrésU]ts of this module work
with previous split-spectrum work to suggest areas where the module can

be improved.

Figure V-5 shows cell efficiency data for previous split-
spectrum work at Varian performed under Sandia contract 07-6953. The
results shown in Fig. V-5 are for an AlGaAs HBG cell and Si Tow-bandgap
cell, both similar to the cells used in the module, and a spectrum-
splitting filter. Note that the efficiencies in Fig. V-5 are for the
combination of the cells and filter only -- lens losses (or mirrer losses
for the data of Fig. V-5) have been normalized out of the data. Thus-
the efficiency values of Fig. V-5 must be multiplied by lens losses to
make a direct comparison with the module results.

The transmission df two of the 8-inch diagonal fresnel lenses
an to the 1/3-inch active area of a HBG cell was measured versus lens-
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Fig. V-6
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cell spacing, and is shown in Fig. V-6. The lens transmission is taken
to be:

Measured Concentration Ratio
Geometric Concentration Ratio

Transmission =

where the geometric concentration ratio for the 8-inch lens and 1/3-inch
cell is 476.3 and the measured concentration ratio is the ratio between
the cell short-circuit current under concentration to the cell one-sun
short-circuit current (both currents normalized to insolation). The
one-sun short-circuit current is measured with a light collimator.

Figure V-7 shows the efficiency of the combination of the HBG cell
and Lens #1 versus lens-to-cell spacing. Note that the peak efficiency
occurs at about 30.5 inches spacing, the same spacing at which the peak
in transmission falls, and also the spacing which was used for the
design of the module. As Fig. V-6 shows, the peak lens transmission is
between 78 and 80%. A peak transmission of 85% would have been expected
from our work with fresnel lenses for the GaAs solar cell module, while
the raytrace design of the lens indicates that 90% transmission should
be achieved.

The lower-than-expected transmission is due to light spillover
beyond the 1/3-inch active area of the cell. To assess the magnitude of
this effect, one of the lenses was retested using a 1/2-inch GaAs cell
as a detector. The transmission onto the 1/2-inch active area is
compared to that onto the 1/3-inch cell in Fig. V-8. The peak trans-
mission for the larger cell is 85%, clearly illustrating that a signi-
ficant amount of light is lost to spillover on the 1/3-inch cell. This
measurement does not indicate how far beyond the 1/3-inch area that the
spillover falls, but visually it appeared to lie in a ring 1-2 mm beyond
the edge of the 1/3-inch active area.
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Taking the higher of the two lens transmission measurements onto a
1/3-inch cell of 80% peak and normalizing the peak module efficiency of
20.5% to a lens transmission of 100%, as was done for the data of Fig.
V-5, the efficiency is 25.6%. A lens transmission of 80% corresponds to
a concentratioh of 382.5. The data of Fig. V-5 was measured at the same
insolation level for which the 20.5% module efficiency was measured. At
382 suns, the efficiency for both cells together of Fig. V-5 was 26.5%.
'Thus the lens transmission accounts for almost all of the difference
between the present module results and the previous cell results.

Andther difference between the previous results and the module
results is that a different spectral-splitting filter was used. Figure
I1I-6 of the final report on Sandia contract 07-6953 shows the filter
transmission for the fi]ter used for the previous work. The peak trans-
mission for that filter was 97%, compared to about 91% for the filters
used in the module. Thus mbre light was transmitted to the HBG cell
with the older filter., Since the HBG cell efficiency is greater than
the Si cell (which hgéeiveszthe Tight not transmitted to the HBG cell),
the old fi]ter woqu have giﬁen a somewhat higher efficiency for the two
cell plus f11tér combination.

The old filter had about the same 1.55-eV cutoff as the filters

© used in the module. If the cutoff had been at 1.65 eV, the design

- -bandgap for the HBG cell, the efficiency would have been higher for
~both the prévious results and for the module. The 1ight between 1.55 eV
and 1.65 eV incident on the HBG cell is wasted. A calculation was made
of the added efficiency to be obtained by directing the 1ight between
1.55 eV and 1.65 eV onto the Si cell. The calculation assumes the same
filter characteristics as was used in the module, but rigidly shifted
upward by .1 eV. The calculation integrates the product of the filter
characteristic, a typical Si cell quantum yield curve, and the solar
spectrum. The calculation shows that the Si cell short-circuit current
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would increase by about 20% for both an AM1 and AM2 solar spectrum with
the filter cutoff at 1.65 eV. This would increase the effective Si cel]l
efficiency to about 6% from its 5% value, and would thus raise the
module efficiency by one percentage point - to 27.5%. Referring back to
Fig. V-5, this is seen to be about 1% point higher than the results
reported earlier with a single converter.
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VI. CONCLUSION

This module represents the first demonstration of the concept of
spectrum splitting at a level beyond single cells. While the component
count is high and the filters quite costly, the module has a very impor-
tant advantage in that all the parts -- cells, filters, lenses -- are
readily accessible. By looking at the performance of these components
individually and together as a system, it is possible to_Tearn how much
performance can be gained by moving to the spectrum-splitting approach
to concentrator photovoltaics.

The best reported module performance at the time of this writing
was achieved with the Varian GaAs concentrator cell module, manufactured
under Sandia contract 42-7248. Under conditions similar to those which
the spectrum splitter was tested, tﬁat moduTe demonstrated about 17%
conversion efficiency. The best silicon cell module of comparable size
achieves about 12% conversion?efficiency. Thus, the best measured
efficiency of 20.5% représénts an improvement of about 20% over the GaAs
module and about 70% over thé silicon module.

A number of loss mechanisms have -been identified. These include
the following: '

- The filters cut bff,.] eV too Jow.

- The cell active area is too small; gofng_to a .5-inch diametef
active area would collect a significant amount of spillover.
This would also provide a quard band to simplify alignment.

- The cells were grown with Liquid Phase Epitaxy (LPE),
Current results with Organometallic Vapor Phase Epitaxy (OM-
VPE) indicate that the average efficiency of the high-bandgap
cells would be improved with this technique.
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A balance sheet of the collective effect of these various improvements
is presented in Table VI-1.

TABLE VI-I
Effect of Losses

Measured performance 20.5%
Improved filters 1.0%
Improved cells
Collected spillover 1.2%
Alignment (guard band) 5%
OM-VPE AlGaAs cells 1.5%
Potential performance 24.7%

While Table VI-1 is admittedly somewhat speculative, the estimated
effect of each of the loss factors is supported by the measurements per-
formed, as described in Sec. V. Note that the 24.7% potential perfor-
mance represents a filter plus cell efficiency of about 29%, assuming an
85% lens transmission to .5-inch-diameter cells. The 24.7% potential
performance would represent an improvement of 45% over the GaAs module,
and about 100% over the best silicon module. Thus the spectrum-split-
ting medule represents a significant technological step forward. The
only problem is to build it at reasonable cost.

The two factors contributing to excessive cost are the filter and
the Tong focal length design, requiring greater tracker accuracy (hence
higher tracker cost) and more materials. These drawbacks can be over-
come by various approaches that are now being pursued. These include
reflective splitters, mechanically-stacked cell configurations, and
monolithic multijunction cells. These various alternatives are pre-
sently under study, supported by Sandia and SERI contracts.
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;APPENDIX A:  SUMMARY OF TEST DéTA FOR SgECTRAL SPLITTER

i

Date: 9/16/80
Time Eff. (%) Insol. (N/mz) Air Mass Coolant T (°) Comments
-- 20.34 839.4 -- - cloudy day
Date: 9/19/80
2:13 19.96 878.1 1.32 36.0
2:21 19.84 876.1 1.34 36.0
2:35 19.72 879.1 1.37 36.0
2:38 19,91 877.4 1.38 36.0
2:39 19.84 875.2 1.38 36.0
2:52 19.81 873.8 1.42 36.0
2:53 20.17 872.8 1.42 36.0
3:26 19.99 857.1 1.55 36.4
3:30 20.14 857.1 1.57 36.4
3:32 20.03 855.3 1.58 36.3
3:33 20.15 852.9 1.59 36.3
5:04 20.30 754.6 Z2.55 35.5
5:10 20.22 743.4 2.68 35.1
Date: 9/22/80
9:16 20.38 781.4 2.31 22.4
9:33 20.37 797.9 2.08 25.0
9:37 20.26 802.3 2.04 25.6
9:45 20.39 818.3 1.95 26.9
9:46 20.29 819.1 1.94 27.0
10:00 20.24 834.6 1.82 29.0
10:06 20.16 344.6 1.77 29.8
10:20 20.02 855.5 1.68 31.5
10:29 19.93 862.3 1.62 32.3
10:34 19.94 867.4 1.60 32.9
10:45 19.94 876.0 1.54 33.8
12:34 19.70 914.6 1.29 39.9
12:56 19.53 916.2 1.28 40.7
12:58 19.55 916.2 1.28 41 .1



Time Eff. (%) Insol, (w/mz) Air Mass Coolant T (°) Comments
Date: 9/22/80 (cont.)
1:04 19,44 914.7 1.28 41.1
1:43 19.30 907.7 1.30 42.4
2:14 19.42 897.6 1.35 43.0
3:00 19.49 834.6 1.48 43.6
3:23 19.63 869.7 1.58 43,7
3:42 19.85 855.3 1.68 36.7 coolant chiller
4:02  20.06 840.6 1.83 34.4 turned on
4:29 19.40 802.9 2.10 32.8
4:34 19.42 802.4 2.16 32.6
4:40 20.04 779.2 2.24 32.4
4:42 19.90 771.7 2.27 32.3
4:43 20.06 769.2 2.29 32.3
Date: 9/23/80
10:30 20.06 855.0 1.63 27.7 smog on horizon
10:37 20.08 860.3 1.59 28.3
10:39 20.09 861.1 1.58 28.4
10:57 19.98 875.3 1.50 29.5 wire Tgose on
10:58  20.11 877.2 1.49 29.5 terminal
1:20 19.87 911.56 1.29 33.9
1:22 19,94 911.7 1.29 33.9
1:37 19.61 911.2 1.30 . 34,5
Date: 9/26/80
4:49 20.23 689.5 2.51 -—- Replaced HBG cell
, . 3/11/80 BLR #1 with
4:58 20.46 675.0 ‘2.69 3/13/80 BLR #1 and
5:07 20.44 663.6 2.90 - Si cell SibA-2 with
5:10 © 20.14 654.6 2.98 26.5 ST5A-9
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Time Eff. (%) Insol. (w/mz) Air Mass Coolant T (°) Comments

Date: 10/1/80

3:00 19.92 768.0 1.58 - " Still have two
3:19 19.95 771.7 1.68 ; replacenent cells
3:22 19.89 768.1 1.69 -

3:43 19.97 753.1 1.83 36.7

3:44 19.99 754.2 1.84 36.7

3:54 19.65 754.4 1.93 36.5

5:04 18.73 580.8 3.05 35,1

Date: 10/2/80

8:21 18.07 427.6 4.35 22.8 Light haze and
8:23 18.02 432.4 4,23 23.2 §$$$i have 2

8:28 18.64 456.2 3.96 23.6 replacement cells
8:31 18.51 472.1 3.82 23.7 in module.

8:39 19.55 524 .0 3.48 24.6 Adjusted tracker
8:52 19.68 564.1 3.06 25.4 alignment

8:57 19.63 584.0 2.92 26.1

8:58 19.52 591.1 2.90 26.1

9:50 20.05 741.8 2.05 29.4 Realigned 2 cells
9:52 20.17 743.5 2.03 29.6

9:57 20.18 752.2 1.98 29.8

10:12 20.08 766.9 1.85 30.5

10:15 20.05 774.9 1.82 30.6

10:33 20.17 792.3 1.70 31.4

10:34 20,18 793.1 1.70 31.4

10:37 20.15 803.7 1.68 31.6

10:53 20.02 817.0 1.60 32.2

10:56 20.10 817.1 1.59 32.3

10:57 20.10 819.2 1.58 32.4
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(W/m’)

Time Eff. (%) Insol, Air Mass Coolant T (°) Comments
Date: 10/2/80 (cont.)
11:30 19.9] 836.7 .47 33.6
11:31 20.10 836.2 1.46 33.6
11:33 20,04 839.0 1.46 33.7
11:34 19.97 837.8 1.46 33.7
4:27 20.27 753.4 2.33 29.0
4:43 20.31 726.7 2.60 39.2 Replaced 3/13/80
. BLR#1 with 3/11/80
4:45 20.28 722.3 2.64 39.2 BLR#T .
Date: 10/6/80
2:06  20.12 754.2 1.46 30.4 Muggy day, overcast
. in morning. StilY
2:09 20.04 750.5 1.47 30.5 have 1 Si cell
2:22 19.88 751.1 1.50 30.7 replaced.
2:37 19.96 746.7 1.55 31.0
2:49 20.11 738.1 1.60 31.2
3:18 20.21 733.4 1.75 31.3
3:20 20.19 728.6 1.76 31.3
3:22 20.22 730.6 1.77 31.3
3:24 20.21 727.8 - 1.78 31.3
3:27 20.186 720.2 1.80 31.3 ,
4:10 20.05 657.3 2.21 31.0 Replaced cell Si 5A-9
. with Si 5A-2 (i.e.,
4:11] 20.1§ 653.7 2.22 31.0 " back to cell
4:17 19.96 640.5 2.30 30.9 complement of runs
. dated 9/13/80 -
4:19 20.24 639.4 2.33 30.8 9/23/80
4:44 19.78 580.8 2.77 30.0
4:46 19,97 572.1 2.82 30.0
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Eff. (%)

Time Insol. (N/mz) Air Mass Cootant T (°) Comments
Date: 10/7/80

2:20 19.98 791.9 1.51 35.8

2:21 19.89 785.0 1.51 35.8

2:56 20.12 7176.6 1.64 36.1

3:16 19.96 765.4 1.75 36.2

3:45 20.15 747.9 1.96 36.1

3:47 20.15 744 .6 1.98 36.1

4:15 20,03 723.4 2.30 35.9

4:16 20.15 718.6 2.31 35.9

4:.44 20.54 657.9 2.82 35.4 Washed lenses
4:45 20.58 654.6 2.84 35.4

4:52 20.49 638.9 3.01 35.2

4:53 20.12 634.6 3.04 35.2

NOTE: Data for 10/8/80 is in text.
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