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Abstract

Thermo Electron has designed a high concentration photovoltaic module
that uses a domed, point-focus Fresnel lens. Their design, design optimization
process, and results from lens and receiver tests are described in this report. A
complete module has not been fabricated and prebably will not be fabricated in
the future; however, Thermo Electron’s optical design, analysis, and testing of
both secondary optical units and domed Fresnel lenses have made a significant
contribution to our project. Tooling errors prevented the lens from reaching its
potential efficiency by the end of the contract, and resolution of these tooling
problems is currently being attempted with a follow-on contract, #68-3463.
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1. INTRODUCTION AND SUMMARY

The cost of electric power produced from photovoltaic cells can be
made competitive with conventional power sources either by reducing the
areal cost of the cells or by substituting lower-cost lenses or reflectors
for expensive cell area. This latter method is the direction of the con-
centrator program in general and this program in particular. A high
concentration ratio is desired because the cell cost can be reduced to a
relatively small part of the system cost, and the fabrication of smaller
cells allows the efficiency of the cells to be increased, since the areal

value of the cells is high.

Thermo Electron has designed and developed a high concentration
and high efficiency prototype photovoltaic concentrator based upon an
injection molded domed Fresnel lens. A domed lens was chosen because
the curvature of the front surface reduces reflective losses and allows
high concentration ratios due to a reduced sensitivity to chromatic diffu-
sion and off-axis errors, Figure 7.1 shows an exploded view of the module
with an active cell cooling /heat collection system. Figure 3.2 shows sev-

eral views of the domed lens produced during the program.

Tooling capable of low cost, large volume production of the lenses
was fabricated and sample lenses have been molded and tested. The lenses
demonstrate the high optical efficiency obtainable by injection molded parts.
Lens efficiencies of 86 percent have been measured by Sandia Laboratories
and by Thermo Electron. Errors in mold fabrication have limited the lens
efficiency at high concentrations to 77 percent, but these problems are

not intrinsic to the molding process and can be corrected.

Instrumentation to test the concentrator components was designed
and fabricated during the program. This instrumentation includes a laser
lens analyzer, an electronic load capable of measuring cell parameters and
thermal impedance between the cell and heat sink, and a direct/diffuse /total

radiation monitor.
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‘Microwave Associates désigned and fabricated high concentration,
etched multiple vertical junction cells for this program. These cells show
good efficiency at high concentrations, although additional development
work is required for the cells to achieve their potential efficiency. Celis
from Applied Solar Energy Corporation (ASEC) were also tested during

the program.

Several cell cooling designs have been investigated in detail. These
designs include both active and passive methods for removing the heat
from the cell. Cell cooling optimizations employed criteria to either mini-
mize the cost of power produced or minimize the cost of energy produced
based upon annual weather data. The weather data have also been used
to estimate the annual energy available to various collector configurations

with either active or passive cooling,

Module designs based upon the technology developed and tested
during the program have been generated and they show excellent po-
tential for achieving the cost goals of the National Photovoltaic Program.
Production techniques for ménufacturing the module case and components

have provided one of the major inputs for the designs.
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2. MODULE DESIGN
2.1 COST/PERFORMANCE PARAMETERS

The various elements that affect the cost and efficiency of a photo-
voltaic concentrating system were analyzed and included in a computer
program to assist in optimizing the design of the concentrating module.
The cost/power ratio (or $/watt) was minimized while the concentration
ratio and sizes of the curved Fresnel lenses and module were varied.
This parametric analysis allowed the effects of these major design param-
eters to be examined in detail. The flexibility provided by this tech-
nique was useful because the exact cost and power relationships were
not precisely known, therefore the pl_;ecise location of a cost/power
minimum was not as critical as observing an overall trend and allowing
more general design and manufacturing factors to influence the design.
Such factors included a desire to manufacture modules which can be
readily handled by automatic machines and human operators, a tendency
to select a lower concentration ratio given comparable performance be-
cause this reduces other system constraints, and a desire to utilize fewer

cells and larger lenses.

The cost/power ratio was determined by the effects of the cost com-
ponents and efficiency factors.
Ci /A
TN
. )
]

™

e
1
;:1

where 2. Ci /A is the summation of the individual cost components per
unit area, I/A is light intensity per unit area, and 7Tn]. is the product of

the individual efficiency factors.

The cost components examined were:

CCELL - Cell cost, which is a function of cell size and mounting
cost.
CMOD - Module cost, which is a function of module size, lens

size, and number of cell locations.

3
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CLENS - Lens cost, which is a function of lens area and assembly
cost.
CINTA - Interconnect assembly cost, which is a function of

number of cells and the precision required by the con-

centration ratio and lens size.

CINTC - Interconnect conductor cost, which is a function of the

current generated by the cells and the size and number

of cells in the module.

CMAT - Materials cost for tracking and structure, which is a

function of the stiffness required by the concentration

ratio and the size of the module.

CASSM Assembly cost for tracking and structure, which is a
function of the precision required and the number of
units which require precision alignment.

CBOS - Balance of system cost which is related to the area of

the system.
The efficiency factors included were:

NeELL Cell efficiency, which is a function of intensity, tem-

perature, and cell size.

nOPT - Optical efficiency, which is a function of lens or reflector

design.

The optical efficiency, as well as the actual light intensity, affects only
the magnitude of the cost/power ratio, not the locations of the minima nor

the shape of the parametric curves,
2.2 ASSUMPTIONS

All cost components were expressed by the cost per aperture area,

. . 2 ) . .
in units of $/cm” and all dimensions are in cm.



w4 1hermo
'175 Electron

CORPORATION

The cell cost was estimated at $0.50 for mounting and $0.50/cm2

for cell area cost, or

CcELL _ 0.5 . 0.5
AREA - 2 ' TR’

2. . . .
where D™ is the lens area and CR is the concentration ratio.

The module cost was estimated by assuming a material cost which is
related to the module surface area and the module lateral dimension,
since a large module will require additional material for stiffness. In
addition, a cost adder for each cell location was included.

2 2
CMOD_kZJn_D(eLJED +nD)+kl

AREA a DZ

n

where n is the number of lens units per module, kl is the cost adder

per cell location, and kz is the cost factor for the module material. The

above expression simplifies to

e

G k
MOD:kz/HD(1+i) +

AREA S D 2

for the analysis k, =0.10 $

k, = 1.8 x 1072 $/cm>.

The lens cost is area related and an adder for bonding the lenses

together was included,

CLENS

AREA

0.10 $

= 0,002 $/em® + :
D

The interconnect assembly cost is related to the basic assembly cost and
a cost factor, COSTF, which increases the assembly cost when additional
precision is required during assembly. The cost factor is a function of

the tolerance, TOL, required, which was assumed to be 0.1 times the

linear cell dimension, or
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[ 2
_ D
TOL =0.1 TR

when TOL > 0.0254, COSTF

=1 +5log (#Oféib)
and when TOL < 0.0254, COSTF =7 + 2.5 log (9—1—%)_25;4_)

This cost relationship was given in the 1953 ASME Handbook: Metals

Engineering Design, edited by Oscar J. Horgin in an article entitled

"Designing for Production" by Roger W, Bolg. Such cost relationships
are, at best, only approximations to actual cost relationships, and must

therefore be used cautiously.

The interconnect cohductor cost was determined by estimating the
length of conductor required to interconnect the module and optimizing
the conductor cross section to minimize the cost/power ratioc. The esti-

mated conductor length S is given by

S=nD (1+0'65).
Y

The output power P is

where P0 is the nominal module cutput, i the cell current, and R the

conductor resistance.

S . e .
R = = where p is the volume resistivity of a thin cross sec-

tional area. When expressed per unit aperture area the above expres-

P iV o3/ 0.65
“a \a) = {1+ —=-
Yn

sion becomes

- dle
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The interconnect conductor cost is approximated by

CINTC _CPV .S - a
AREA 2 !
nD

where CPV is the volumetric cost of the conductor. This reduces to

C ,
INTC a 0.65
—_——— - CPV - 2 {1 + 2222},
AREA D ( /F)

For copper conductors p =1.724 x 10—6 0 cm and CPV is estimated at
$0. 08./cm3 for an insulated and prepared interconnect. Aluminum con-
ductors are less costly since p = 2.828 x 10—6 0 cm and CPV is estimated
at $0.02/cm3.

The material costs for tracking and the structure were estimated
based upon the required stiffness, which varies as the square root of the
concentration ratio, and the approximate square root relationship between
material required and the required stiffness. The requiredk material also

increases with the size of the structure and module.

C
MAT _ F
AREA ~ X3 ,CR /n D,
_ -6 3
where k3 =4x 10 7 $/cm”,
. . TOL
The assembly cost varies as the angular tolerance required or 5

and a factor which includes the structure assembly cost, which increases
with module size, and a tracking assembly cost which decreases with

module size,

,
¥-3
C rgsM =k4 CR?* (/n D +k5)
AREA npo |
where k4 =7.5 x 10—3 $/cm
ke =30 cm.
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The balance of systems cost was estimated at $5(]/m2 or

CBOS

_ 2
m— = 0,005 $/’Cln .

The correlation for cell efficiency is

cELL = "CELL at CR = 100 (CRFAC) (SFAC)(TFAC),

where CRFAC is the factor relating the increase in cell efficiency to in-
creased concentration, SFAC is the factor relating the decrease of effi-
ciency with increased cell size, and TFAC is the factor relating the de-

crease in cell output with increasing cell temperature.

CRFAC =1 + 0.1 [log (CR nOPT) - 2]

- _ . p& .
SFAC =1.0167 - 0.0417 * D®/CR * nypr

TFAC =1.0 (T - 25),

" Teorr TeELL

where T = 0.003 - 0.0005 [log (CR - - 2]

COEF Nopr)

I .2

Hppm g D (-

and at 100).

ny .
Ternn © TcooLant * opT © "CELL

Preliminary studies have shown that the effects of TCOEF and TCELL

offset each other over the range of concentration ratios from 400 to 1000.

Therefore, TCELL was taken as 25, giving TFAC = 1,0.

Preliminary analysis had shown the uniformity of illumination (up to

a 4:1 ratio) does not affect cell efficiency.
2.3 RESULTS

The evaluation of the optimization study indicated there was a broad
minimum in the cost/power ratio in the range of concentration from 600 to
1000, lens sizes of 17.5 to 25 c¢m, and module sizes of 85 to 115 cm. (See
Figures 2.1 and 2.2.) The areas of lowest cost/power occur near a
module size of 90 cm on a side with lenses 22.5 cm on a side. The following

table gives the cell size as a function of lens size and concentration ratio.
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Lens Size in cm (in.)

Concentration
Ratio 17.5 20 22.5 25
600 0.71 (0.28) | 0.82 (0.32) } 0.92 (0. 36) 1.02 (0, 40)
800 0.62 (0.24) | 0.71 (0.28) | 0.79 {0.31) | 0.88 (0.35)
1000 0.55 (0.22) 0.71 (0.28) | 0.79 (0.31)

0.63 (0.25)

Subjective factors indicate:

A concentration ratio of 600 to 800

A lens size of ~22.5 em x 22.5 cm

16 lenses per module
and Cell size at 600 x 0. 92 c¢cm (0. 36) on a side

at 800 x 0.79 cm (0. 31) on a side
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3. OPTICS DESIGN

3.1 LENS DESIGN

The domed Fresnel lens is the key optical element in the module.
The lens has a curved shape primarily to achieve bending of the light
rays at the front surface of the lens. By distributing the light ray bend-
ing between the entrance and exit surfaces a reduction in surface reflec-
tions, chromatic aberrations, and off-axis aberrations can be achieved
relative to a flat lens with a smooth front surface, A lens with Fresnel
grooves on the front surface was not considered because of dirt accumula-
tion problems. The curvature of the lens requires the use of reentrant
facets (facets with negative relief angles) to eliminate refraction of light
at locations on the exit surface that are not at the prescribed angles.
These locations include the angles between Fresnel facets and the facet
peaks that are rounded due to fabrication limitations. Figure 3 1 shows
a typical lens section and facet detail. The lenses were designed to be
injection molded because of the low processing costs, the tight tolerances,
and excellent surface finish that can be achieved with injection molding.
The reentrant facets required that the injection mold, or tooling, have a
collapsible core for the release of the part after molding, Alternative
release techniques, such as springing the lens facets over a solid core,
were not acceptable because of the facet distortion that would result if

the acrylic was sufficiently plastic to not break during release.

The entrance and exit angles of the lens were designed to balance
and therefore minimize the losses from surface reflections, chromatic
aberrations, and off-axis aberrations of the lens. The solar spectrum,
the spectral response of the cell, and the dispersion of acrylic were ac-
counted for in the design process. The optimized design that resulted
incorporated a variable exit angle that would require curvature of the
faceted surfaces. An examination of suboptimal alternatives, including

those with constant exit angles, indicated that a performance degradation

13
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of only 0.l percent would result from the use of a plano-convex design
which has an exit angle of 0°, instead of a design with curved exit angles.
A lens designed with a constant exit angle has flat facets which permit

simplified tool fabrication.

A square shape for the lens was selected because of the improved
packing of squares in a module relative to that of circles or hexagons.
Hexagons pack efficiently, but result in edges with missing segments.

For example, in a rectilinear module with 16 hexagonal lenses, the pack-
ing is only 78 percent of maximum. The packing efficiency does not reach

90 percent unless there are 60 lenses per module.
3.2 SECONDARY DESIGN

The lens design was also biased to a longer focal length to allow the
optional incorporation of a secondary optical element. This secondary con-
centrator would ideally have a compound elliptical shape, but for the pro-
totypes the shape was limited to that of a truncated cone. The secondary
concentrator was designed to be fabricated from a solid material with an
index of refraction of approximately 1.5 instead of a metallic reflector to
obtain both increased concentration and the use of total internal reflection.
The selected material was borosilicate glass due to its low optical absorption,
over the spectrum of interest, and its resistance to damage from either
intense light or thermal shock. Borosilicate glass has a low coefficient of
thermal expansion and therefore is well matched to silicon, This close
match of expansion coefficients reduces the requirements on the physical

properties of the coupling between the secondary concentrator and the cell.

Several techniques for bonding the cell and secondary concentrator
were considered. These included electrostatic bonding and adhesive
bonding. The adhesives under consideration were silicone, silicates,
epoxies, and thermoplastics. The silicone that was used is applied with
a solvent but reacts with either atmospheric water vapof or a catalyst to
effect a cure. The solvent serves as a transport and viscosity reducing

agent. This particular silicone was recommended and provided by Dow

15



w/e= 1Hermo
VE Eiectron

CORPORATION

Corning and is available under the number Q1-2577. Varian Associates
reported good bonding and stability results from both a clear epoxy used
to encapsulate LED's and the FEP thermoplastic from DuPont. The epoxy
used by Varian was Hysol 050-100 (clear)}, but a similar epoxy, Stycast
126 9A from Emerson and Cuming, was used in our experiments. DuPont's
FEP is available in films of various thicknesses. We successfully bonded

cells to glass with 1 mil FEP at 600°F.

Four sizes of secondary concentrators were fabricated for use with
cells of different sizes. The sides of the cones formed a 78.4° angle with
the horizontal in order to limit the exit angle of the light. This cone angle
results in a concentration ratio of 2.3, An additional secondary concen-
trator design for the Microwave cells was fabricated, and this had a cone
angle of 70,99, The concentration ratio -of this cone, with a higher limit

on the exit angle, was 2.57.
3.3 DESIGN MODIFICATIONS DUE TO TOOL CONFIGURATION

A review of the tool design, during the fabrication of the tool, un-
covered an area where potential molding problems could occur. The po-
tential problem area arose because the core pieces slide radially inward
and therefore did not provide any relief for the facets, which had a zero
facet angle. Since the tool mechanism was nearly complete, it was less
costly to modify the lens design and provide 2°¢ of relief angle for the
facets than to change the tool mechanism. The final iens design has a
front surface with more curvature to match the ~2° angle of the exit sur-
face, A drawing of the lens is shown in Figure 3.2. Figure 3.3 shows
the results of a ray trace program with a slice of the lens 25° from the

lens axis and light entering 0.3° off axis.

16
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4, LENS TOOL FABRICATION

4.1 TOOL DESIGN

One of the major goals of this program was to develop injection molding
tooling for the mass production of the domed Fresnel lens. The design of
the molding tool was complicated by the need to accommodate the 46 under-
cut facets on the inner surface of the lens. The faceted surface of the
tool was required to collapse radially inward in order to release the lens
after molding. This was accomplished with a nine-piece tool core, as in-

dicated in Figure 4.1,

The release operation was performed by first drawing the center core
segment away from the molded lens. This action pulls the four narrow
tool segments adjacent to the center radially inward, by means of sliding
dovetailed joints. Finally, the four corner quadrants of the tool move
upward and slightly radially inward, releasing the molded lens, This

sequence was then reversed, preparing the tool for the next molding cycle.

The first step in the fabrication of the molding tool was the machining
of the dovetails and mating surfaces of the nine core segments. These
were then mounted on the actuating mechanism and fixed in the "uncol-
lapsed" position. This assembly was lathe turned as a single unit to cut
the Fresnel facets. The tool core assembly had a circular geometry at
this point, to avoid interrupted cutting during the lathe turning. After
the Fresnel facets were cut, the core assembly was trimmed to the square
design geometry. The final step was the polishing of the faceted tool
surface to an optical finish. The female mold, which forms the smooth
outer surface of the lens, presented no unusual design problems and was

fabricated by standard machining and polishing methods.
4.2 OPTICS ANALYZER

An optics analyzer was developed to aid in determining the quality

of the lenses produced by injection molding. The instrument was designed
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to measure the overall transmission efficiency of a point focus lens, and

also to indicate the instantaneous efficiency of any small section of a lens.

The analyzer incorporates a helium-neon laser as a collimated light
source, and a solar cell detector to measure the intensity of the laser
beam after it passes through the lens. The laser, mounted on a motorized
linear slide, can be scanned radially across the lens, The detector is
mounted at the target of the lens, and both the lens and detector are
mounted on a motor-driven turntable beneath the laser, as indicated in

Figure 4.2.

In the instantaneous mode, the analyzer displays the fraction of the
original (unattenuated) laser beam intensity which is striking the detector
-at that moment. The output from a linear radial scan across a lens, with

the analyzer in the instantaneous mode, is shown in Figure 4.3.

The overall transmission efficiency of a point focus lens was measured
by performing a linear radial scan with the laser while rotating the lens
beneath it, and integrating the instantanecus output of the detector. In
this manner the entire active area of the lens was examined in a tight -
spiral scan. A potentiometer mounted on the motorized slide functions as
a position indicator. The output of the potentiometer was used by the
integrating circuitry*to adjust the instantaneous value of the laser signal
to reflect the increase in lens area represented by each turntable revolu-
tion as the laser scans from the center of the lens to its corner. The in-
tegrated output from a spiral scan is shown in Figure 4.4. A schematic
of the optics analyzer circuitry is shown in Figure 4.5. Figure 4.6 1is a

photograph of the optics analyzer in operation,
4,3 INITIAL RESULTS

Lenses were first molded on the tool after the Fresnel facets were
cut, but before these surfaces were polished. The purpose of this pro-

duction run was to verify the mechanical functioning of the collapsible
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Figure 4.2 Optics Analyzer
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Figure 4.6 Optics Analyzer in Operation

27



VE Exciron

CORPORATION

core tool. The tool functioned correctly; although the inside surfaces of
the lenses were unpolished, the overall geometry of the molded parts ap-
peared promising. The Fresnel facets faces were flat and the facet valleys
were quite sharp. The facet peaks were rounded, with tip radii in the
0.008- to 0.012-in. range, rather than the 0.004- to 0.005-in. range
specified in the design. This peak rounding was initially thought to be
due to nonoptimal molding parameters such as low melt temperature, rapid
cycling time, and low injection pressure, rather than due to rounded

facet valleys on the tool. The central section of these lenses was not cor-
rect, as the center core segment of the tool had not been ma.chim_ad to the

proper shape. This information was communicated to the molder.

After the molding tool was polished, another run of lenses was pro-
duced. Although the physical appearance of these was greatly improved
over the unpolished run, their optical efficiency was much lower than
expected. Efficiency measurements made on the optics analyzer at Thermo
Electron and performance testing under sunlight at Sandia's point focus
Fresnel lens test facility both yielded efficiency values in the 69- to 70-

percent range for a target cell size of 0.37 in. x 0.37 in.
4 4 LENS TESTING UNDER SUNLIGHT

The lenses were tested under sunlight at Sandia's point focus Fresnel
lens test facility. Typical results are indicated in Figures 4.7 through 4.9.
These results agreed very closely with those obtained on the optics analyzer
at Thermo Electron; i.e., approximately 70 percent for a 0.37-in. square

target increasing to approximately 85 percent for a 0.75-in. square target.

Additional sunlight testing was performed at Thermo Electron. The
technique was measurement of the short circuit current (Isc) of a well-
characterized cell at 1 sun. The cell was then illuminated by the lens,
and the ratio of Isc at concentration to ISC at 1 sun was used to determine
the average intensity of light on the cell, Multiplying this intensity by

the cell area and dividing by the lens area and the intensity of direct
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sunlight yields the lens efficiency. This calculation assumes that ISC in-
creases linearly with intensity. The results obtained by this method agreed
very well with the measurements taken at Sandia and on the optics analyzer.
Lenses molded from Rohm & Haas VM 100 and VO 52 injection molding pellets
achieved efficiencies in the 69- to 70-percent range on 0.37-in. square
target cells. Lenses molded from Rohm & Haas VS 100 pellets were slightly

less efficient.

4.5 LENS AND TOOL ANALYSIS

As a result of careful examination with the optics analyzer and under
a microscope and optical comparator, several distinct problems were found
with the lens geometry. A major error was introduced during the polishing
of the tool. Instead of maintaining the flat geometry of the facet faces
as they were cut, the polishing technique resulted in beveling the tool
facet faces. The bevel existed on a majority of the facet faces, and
typically misaligned the affected surface by 1°, This produced a comple~
mentary bevel in the molded lens facet faces. The polishing step also
slightly rounded the facet peaks on the tool, resulting in rounded facet

valleys on the lens.

The facet peak radii on these lenses were again in the 0,008- to
0.012-in, range. This suggested that there might be a problem with the
valley radii on the tool, rather than with the molding parameters, as had
been previously assumed. A section of the faceted surface of the tool was
obtained from the molder. This segment had been cut from the tool after
the facets were turned, to obtain the square lens geometry. Examination
of this part revealed that the tool facet valley radii were in fact 0.008~
to 0.012~in, In addition, the surface finish on the unpolished facet faces

was substantially rougher than had been anticipated.

4.,5.1 Beveled Facet Faces

Light passing through the beveled area on the facet faces was not

refracted through as large an angle as the light which passes through the
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nonbeveled area. Therefore, this light falls outside of the target when
it reaches the plane of the cell. This effect can be clearly seen by
increasing the lens to target distances during sunlight testing. The
amount of light striking the target cell increases as the lens to target
distance increases, reaching a maximum at about 3/8 in. greater than the
design distance. ' This occurs because the greater lens to target distance
allows the light passing through the beveled areas of the facet faces to
reach the target, while the correctly aimed light from the nonbeveled
areas does not diverge far enough to miss the target. This effect is dia-
grammed in Figure 4.10. Using square target cells 2 cm on a side and

a lens to cell distance of 13.7 in., lens efficiencies in the 85-percent

range have been measured.

4.5.2 Tool Fabrication Options

In order to determine if the molding tool could be corrected, a survey
of tool manufacturing methods and the tolerances these produce was made.

The following information was obtained:

* Conventional lathe turning can achieve extremely sharp facet
peak radii (0,0005 in.), and facet valley radii down to about
0.002 in., in a suitable material, such as 17-4 PH. Surface
finishes in the 16 to 32 micro in. range can be obtained, with
24 micro in. being a reasonable target. This surface is suitable
for polishing. The carbide tool used to turn stainless steel

for the mold can not tolerate interrupted cuts.

. Grinding can produce peak radii similar to lathe turning, al-
though a great deal of wheel redressing is required to obtain
sharp valley radii of 0.005 in. Grinding produces a surface
finish in the 8 to 24 micro in. range, but this still requires
polishing to achieve a No. 1 mold finish suitable for optical

components,
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. Polishing procedures using 1.0 micron diamond can obtain a
No. 1 mold finish, but care is required to preserve the original

geometry of the tool.

. Diamond turning in certain nonferrous materials can achieve
sharp facet peak radii (0.0005 in.), and valley radii in the
0.001-in. range. This process produces a surface finish which
requires no further polishing, however, it is expensive and

there are weight and size limitations on the available machines.

We concluded that the performance loss of the lenses was caused by

the following:

. The tool was not turned from the most suitable material {420

stainless steel was used).

. The turning process was not performed as carefully as it should
have been. This resulted in rounded facet valleys and a poor

surface finish.

® The poor surface finish required too much of the subsequent
polishing step, which resulted in the beveling of the tool facet

faces and the rounding of the tool facet peaks.

We also felt that beveling of the tool surface could be eliminated if a lap

pelishing technique was used.
4.6 TEST TOOL

The validity of this information was tested by fabricating a sample
tool at our in-house machine shop facility. A four piece faceted "test
tool" was produced. Using conventicnal lathe turning techniques and
17-4 PH stainless steel stock, facet peak radii less than 0.0005 in, and
facet valley radii of 0.0025 in. were achieved. The surface finish was
26 micro in. Subsequent heat treating increased the tool hardness to
42-46 on the Rockwell C scale. The configuration of the test tool is in-

dicated in Figure 4.11.
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Figure 4.11 Test Tool
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A cast lap polishing technique was designed to preserve the tool
geometry during the polishing step. A reaction curing compouﬁd was
cast against the tool to form the lap. The tool was mounted on a rigid
turntable which could be made to rotate through a limited arc in both
directions. The lap was clamped in a stationary position with its faceted
surfaces contacting the facets on the tool. Polishing was effected by
drip-feeding an abrasive slurry into the contact area while rotating the
tool back and forth against the fixed lap. Several rigid and resilient

materials were used to form laps. These are shown in Figure 4.12.

This process was partially successful in that it did remove material
while maintaining the geometry of the test tool. Both facet peaks and
valleys remained sharp. An optical polish was not achieved, however,
possibly because the polishing motion was parallel to the machining marks
left on the tool by the lathe turning. It is anticipated that an optical
polish could be attained by adding a radial motion component to the lap
during the polishing process.

4,7 INJECTION MOLDING TOOL REWORK

The injection molding tool was ground to restore the original flat
facet face geometry, and to improve the tool facet peak and valley radii.
A short run of lenses was produced on this unpolished tool. The lenses
exhibited flat facet faces, sharp facet valley radii, and improved facet

peak radii in the 6- to 12-mil range.

The tool was then repolished using a technique which provided

additional support for the polishing tools.
4,8 FINAL RESULTS

The efficiency of lenses produced on the ground/polished tool has
been measured at 72 percent for the design condition (0.37-in, square
cell at a lens-to-cell distance of 13.37 in.), and in the 85- to 87-percent

range for a larger cell 1.55 cm in diameter at lens-to-cell distances of 13.7 in.
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Figure 4.12 Laps
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Results obtained at Sandia's point focus Fresnel lens test facility
for the ground /polished lens are indicated in Figures 4.13, 4.14, 4.15,
and 4.16. Note that these results are for the design target size at the

design lens-to-cell distance.

Analyses of these lenses indicate that there is still considerable room
for improvement in the configuration of the injection molding tool. Although
the molded lenses are replicating the tool with great fidelity, they exhibit
many non-flat areas on the facet faces, and considerable rounding of the
facet peaks and valleys. Each of these areas could be improved with in-
creased care in the fabrication of the tool, or the use of a more appropriate

tool manufacturing process such as diamond turning.
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5. CELL DESIGN AND FABRICATION

Microwave Associates was responsible for the design and fabrica-
tion of the etched, multiple vertical junction (EMVJ) cells. Their final
report can be found in Appendix 1. Planar junction cells were obtained
from Applied Solar Energy Corporation (ASEC). Test results for these
cells can be found in Chapter 10.
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6. CELL COOLING

Several techniques including both active and passive heat transfer
methods were investigated during the program. Two of the active cooling
designs were fabricated and tested to provide validation of the design
methodology. The active techniques analyzed included two which em-
ployed turbulent flow and two which employed laminar flow. Manufac-
turing methods to produce the heat sinks were investigated for those
designs which employed unusual geometries. A passive heat sink design
was generated based upon minimizing the cost of energy delivered on an
annual basis. Data from Typical Meteorological Year (TMY) weather tapes
were used in the analysis. The active heat sink designs were based upon
minimizing the cost per unit of power under typical direct insoclation

conditions.

The achievement of either of the design criteria demands that the
cell cooling result in low cell to coolant temperature differences, low ma-
terial cost, and low pumping losses for active systems. The heat flux
for the designed cell operating at 850 kW /m2 direct insolation and a lens
efficiency of 85 percent is approximately 105,000 Btu/hr-—ft2 (330,000 W/mz) .
This is a flux comparable to that of a furnace. The requirement for a
high film coefficient to lower the cell/coolant temperature difference can
be reduced by increasing the surface area available to the coolant. The
techniques for achieving both increased surface areas and moderately
high film coefficients are explored in detail in the following sections.
Heat transfer involving two-phase flow was not investigated in detail due
to the difficulty in maintaining the required pressure and temperature
conditions over an array for the variety of applications in which the heat
can be utilized. The coolant properties for the active cooling systems

correspond to a 403 propylene glycol/60% water mixture at 120°F,
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6.1 JET IMPINGEMENT HEAT SINK

Cell cooling by the impingement of one or multiple fluid jets on a
heat sink was examined for the configuration shown in Figure 6.1. The
use of a heat sink below the cell provides improved cooling with a re-
duced requirement for a high film coefficient, The heat sink size and
intercell tubing size were optimized for several jet diameters at each of
several flow rates., The results from the analytic model are shown in

Figure 6. 2.

A particular jet configuration was selected for experimental verifi-
cation. The predicted values are shown in Figure 6.3, along with the
measured values obtained during the experiments. Note that data in
Figure 6.3 are based upon a lower heat input than the data of Figure
6.2. The experimental apparatus is shown disassembled in Figure 6, 4,
assembled in Figure 6.5, and under test in Figure 6.6. The heat input
was delivered through an electric resistance heater pressed into a copper
cone, which is in turn soldered to the heat sink. A square of aluminum,
which was plated to allow soldering, was placed between the copper cone
and the copper heat sink to simulate the BeO ceramic insulator that would
be present in the cell package. The diameter of the copper cone at the
interface surface was 0.18 in., which represents the approximate size of
the expected light spot on the surface of a Microwave Associates' cell.
Thermocouples were placed in the copper cone and at various distances
from the jet center to allow correlation between measured and predicted
values. Agreement between the predicted and measured values for cell

temperature rise was excellent, as shown in Figure 6, 3,
6.2 FINNED HEAT SINK

The finned heat sink design utilizes closely spaced fins to achieve
a high film coefficient under laminar flow conditions. The fins provide
an extended surface allowing the size of the heat sink to be reduced

which decreases the temperature loss through the heat sink material.
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Figure 6.4 Jet Impingement Apparatus (View 1)
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Figure 6.5 Jet Impingement Apparatus (View 2)
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Both copper and aluminum heat sinks were designed. The advantage of
aluminum is lower material and fabrication costs since the heat sinks can
be made using a profile extrusion process. The disadvantages of aluminum
include the requirement of plating to allow lead /tin soldering and corrosion

potential in the coolant loop.

The heat sink itself is optimized by varying the base thickness, fin
thickness, fin height, number of fins, heat sink length for a given space
between fins, coolant flow rate, and heat sink volume. The results for
the analysis of a copper heat sink are shown in Figure 6.7. A higher ma-
terial cost was assumed because of the more complex processing required

to form the fins.

The geometry of the finned heat sink is determined in part by the
constraint that the length /width ratio will result in equal temperature
differences across the heat sink length and width. This serves to utilize
the heat sink material in the most efficient manner. Based upon the no-
tation in Figure 6.8, the temperature differences in the x and y direction
are given by

1 1

e & .. 2 =03
ﬁTx QKAX ::u:ud.’_\TY QKA ,

Since these temperature differences are equal

1y AY Ixtb
1
or -1-)5= 1+thf :
y by

The heat sink design length-to-width ratio was constrained at a
value that provided near optimum performance while heat sink volume was
varied. The effects of adjusting the length/width ratio about this value

were later examined and found to be minor.
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Prototype finned heat sinks were designed for both copper and
aluminum. Both heat sinks were fabricated and are shown in Figure
6.9, The predicted performance and experimentally measured data are
shown in Figure 6.10. Performance predictions were made for a fluid

temperature of 120°F.
6.3 FLATTENED TUBE HEAT SINK

The concept of utilizing the high film coefficient obtainable in lam-
inar flow, by spacing the walls close together, was extended to a geom-
etry that will probably prove more cost effective in a production design.
This geometry is that of a flattened tube, preferably with the walls
bonded together in the center. Although this geometry will not provide
as compact a heat sink as the one with fins, it is less complex and more

readily produced.

The analytic design results for the flat tube heat sink are shown in
Figure 6.11. Although the system costs appear to be slightly higher than
those for the finned heat sink, the flat tube heat sink does not require
a housing and the housing costs have not been included for the finned
heat sink. One possible design option for the flat tube heat sink is

shown in Figure 6.12.
6.4 ROUND TUBE HEAT SINK

A simple section of copper tubing can act as a heat spreader, and
if sufficiently high film coefficients are achieved using turbulent flow,
then the entire cell cooling system can consist of a single section of
tubing, suitably bent to a serpentine configuration. Such a configura-
tion does not allow for differential expansion between the module case
and the heat sinks, therefore its application is limited to lower concen-
tration ratios where the differential expansion can be tolerated. The
analytic design results shown in Figure 6.13 assume that the heat from

the cell'is distributed uniformly around the tube. This assumption can
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in part be met by utilizing a saddle to help distribute the heat over a
larger area. An example of the approximate temperature distribution
for one quarter of the tube on which the cell is mounted is shown in
Figure 6.14. Each point represents the temperature of a square 0.1 in.

on a side. This result was derived by a relaxation process.
6.5 PASSIVE HEAT SINK

The passive heat sink was designed using the criterion of mini-
mizing the cost of energy produced instead of minimizing the cost of
power produced, as was used for the active heat sinks. The weather
data from TMY data tapes were used to determine the insolation and
wind conditions, during which the array is producing power. Then,
employing a cell and heat sink model, the power and energy produced
was estimated. The design process, by which the heat sink was opti-
mized, employed a reduced form of the weather data in order to simplify
the design process. The weather data were reduced to provide a prob-
ability matrix based upon insoclation and wind velocity for two separate
locations. This probability matrix was then used to generate a normal-
ized energy availability matrix which provides the fraction of energy
available under each wind and insolation condition. Various volumes of
heat sink material are adjusted for thickness and surface area tc obtain
the maximum delivered energy at that heat sink volume. The desired
design can be selected by examining the cost of delivered energy
which will be a function of heat sink volume. Figure 6.15 shows the
energy matrix with percentages for each insolation and wind condition
and the design results for three air temperature conditions. The design
results are fairly insensitive to air temperature since only changes in
cell temperature and heat sink cost are important. Figure 6.16 shows
a suggested design configuration for the passive heat sink. This bent
sheet design shortens the heét sink length over which the thermal

boundary layer builds and provides a combination of surface orientations
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to ensure good natural convection regardless of module position. The
cell would be soldered directly to a 2 in. x 2 in, heat spreader of 0.072
in. copper. The heat spreader can then be either adhesively bonded to
the passive heat sink, or mechanically attached utilizing a silicone grezne

loaded with metallic oxides to improve the conductance.
6.6 GENERAL

The design results are summarized in Figure 6.17. This graph
shows the best results are for the finned heat sink although fabrication
difficulties may make this choice less attractive. The flattened tube and
the round tube have comparable performance factors and the temperature
rise of the round tubes can be considerably improved by the addition of
a heat spreader on the smaller diameter tubes. The addition of copper,
at a lower cost due to lower fabrication cost, will also significantly im-
prove the performance of the flattened tube heat sink. The flattened
tube and round tube heat sinks appear to be the best choices, although
use of the rigid round tube configuration will be limited to larger cells

and lower concentration ratios because of thermal expansion.
6.7 HEAT SINK MANUFACTURING OPTIONS

A number of candidate manufacturing methods for producing heat
sinks have been evaluated, both for their contribution to the overall
system cost and their influence on the heat sink /cell mount design. Other

issues addressed in this evaluation included:

® Thermal expansion mismatch between the cooling loop and the
module case, from both a structure and a tracking accuracy

viewpoint
® Number of parts required per module, and assembly methods
® Temperature rise/flow rate operating range

¢ Potential for series/parallel connection
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The base line finned heat sink design (Figure 6.18) specified the
use of a molded heat sink housing and polymeric tubing for fluid inter-
connection. This concept required assembly and several parts. It did
provide a good substrate for handling the cell assembly, and alleviated
thermal expansion mismatch problems. Cell temperature/flow rate char-
acteristics were good, and the design was amenable to series/parallel

connection.

Soldering or brazing of folded fins, machining, copper extrusion,
and impact extrusion were considered as potential methods for producing
the finned heat sink. Copper bar stock could be machined to the desired
configuration using ganged saws. This process is both time and materials
intensive. Resale of the copper filings to the bar supplier improves the

economics, but the cost remains unfavorable.

Copper extrusion appeared to be an appropriate technique for man-
ufacturing the heat sink, however, of several extrusion houses contacted,
none felt capable of forming the profile. Fins with a large height/width
ratic apparently exceed the capabilities of this technology at the present

time.

Impact extrusion is a process currently used to produce certain
types of heat sinks. Its rapid cycle time and good materials utilization
imply economic production. The company we contacted felt that they
could form the finned heat sink, however, a certain amount of develop-~

ment work would be required.

The soldering and brazing of fins formed by bending thin sheet is
a production-worthy process, but cost estimates by companies in this
business exceeded the level that would make this design cost effective.
Since the material cost is not a dominant cost in the quotation we received,

there is potential for cost reduction in this method.

Since the production of heat sinks with multiple fins involves rela-

tively expensive manufacturing methods, a flattened tube laminar flow
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heat sink design was developed. Variations of this concept are indi-
cated in Figures 6.19, 6.20, and 6.21. Each of these designs utilizes

a single central stud directly below the photovoltaic cell to conduct heat
to the back side of the flattened tube. In this manner both sides of the
tube act as fins to conduct heat into the coolant fluid. Computer model-
ing of the heat transfer characteristics, temperature, and pressure

drops expected with this type of heat sink indicated acceptable performance.

Several methods of manufacturing were considered for the flattened
tube design. Pressure welding, typified by the Roll-Bond process of
Olin Brass, was considered as a potential method for forming heat sinks

with integral fluid interconnections. Figure 6.19 indicates the concept.

Conversations with Olin Brass uncovered problems with this approach.
The length and width limits of their pi’ocess would not permit a useful
number of heat sinks to be fabricated as a unit. Separating the strips
of heat sinks and tubing would be extremely difficult, In addition, par-
allel fluid circuits would introduce problems in manifolding. For these

reasons, the pressure welding design was not pursued further.

The flattened tube design for the heat sink is amenable to several
other maﬁufacturing methods. One alternative utilizes tube drawing
technology followed by stamping and furnace brazing, as indicated in
Figure 6.20. The tubing mill we contacted is capable of performing the
required operations, and of assembling the heat sinks and interconnecting
copper tubing into module cooling subassemblies. (See Figure 6.22.)

A curved connecting tube is utilized between the heat sinks to reduce the "
effects of differential thermal expansion between the all copper fluid loop
and the acrylic module case. Calculations and experimental measurements
indicate that the worst case thermal expansion mismatch forces at a cell
assembly will be on the order of 1.0 pound for this configuration. The
development of a more detailed design is required to accurately determine

the cost of this approach; however, the ballpark figure of $2.50 to $3.00

73



e e e —wL

! i
= = ||O
S ——‘

Ty
H

TS g e

ot
. ~ i
é g.-‘i?f .
L Sy e §
R >4

B old Rccr T2 R = e NREE s SOOI




LL

SOLDER JOIMNT -

SECTIWOM A A

r,%'\‘:': DA CRIMP TO OPF SIDE,

. i\ Tm

T CREASED STOP EimaS
B

A-5787

_[- 2RI REF SCOLOER 2O

SECTION B-B

TZMTF‘ AR DA

SOLDER PREFORM™M

Figure 6.20 Drawn Tube Heat Sink Design



BL

260 DA —

Tve __]r.oanllr‘\ VR

EYT-X-T
Tve
] s

!—,b
|

Figure 6. 21

f; O30 GAR TYP

seEcvion B

B

-8 DIA

-

SECTION

T
AA

Heat Sink Design

CONTACT ARLA

A-5792

d

]
Tve

SELTION CC

FORMED FROM COPRER SHEET
OAO THIK , (21 PARTS, BASE AN D
TOR TO BE BRAIED /SN OEAED

TOGRTHELR |



' A-4744

HEAT SINK
AND
CELL ASSEMBLY

A N s,
A«
Y
& a2

Figure 6.22 Configuration for All-Copper Cooling Subassembly for Photovoltaic
Module Pair

79



w=s 1hermo
’E Electron

CORPOAATION

per pound for drawn copper products provided by the tubing mill is

within the feasible range.

A heat sink design closely related to the drawn tube alternative is
shown in Figure 6.21. This two-part heat sink could be formed by hydro-
forming, stamping, or drawing. Each of these processes would be appro-
priate at a given production level; hydroforming for low volume produc-
tion, stémping and drawing for large scale production. These heat sinks
would be put together into module cooling subassemblies in the same man-
ner as the drawn tube version. The flattened tube design requires some-
what higher fluid flow rates to achieve a cell/fluid temperature drop com-
parable to the finned design., This does not signficantly alter the total

system cost.

Parallel fluid connections would require the use of a manifold., Al-
though this would increase the amount of copper needed for the cooling
loop, it could easily be accommodated since the connecting tubing has a
circular cross section compatible with standardly produced copper headers.
This arrangement could also be incorporated into the furnace brazing

assembly step.

The use of copper tubing itself as a part of the heat sink was ex-
plored. The concept can be envisioned as saddle-shaped copper cell
mounts placed at intervals on %in. diameter copper tubing. Although
this design can achieve acceptable cell operating temperatures, it requires
the use of larger diameter tubing, significantly more copper, and higher
flow rates than the flattened tube designs. One reason for this is that
although the copper in the tubing adjacent to a saddle is utilized as a
fin, copper in the tubing between the saddles is not effectively utilized.
This design precludes the use of curved connecting tubing between heat
sinks to alleviate thermal expansion mismatch problems, because the larger
diameter tubing is too rigid. The copper tubing is mass produced, and

the saddle-shaped cell mounts can be produced by copper extrusion.
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The final active heat sink manufacturing method evaluated is indi-
cated in Figure 6.23. Inexpensive }-in. diameter copper tubing is formed
into a compressed "S" shape, and a flat copper heat spreader is soldered
or brazed to the tubing. This allows the loops of tubing to act as fins,
while the heat spreader provides improved conductance near the cell.

The configuration is similar to the round tubing with the saddle cell

mount.

The flow rates required to achieve acceptable cell operating temper-
atures are similar to those required for the flattened tube heat sink.
Differential thermal expansion and series/parallel flow connections are

also handled in the same manner as for the flattened tube design.

This concept avoids high tooling costs and uses components that
are already mass produced. The cost to form the copper tubing into the
desired shape has not yet been determined, but it is anticipated that the

manufacturing potential is favorable.
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7. MODULE DESIGN

7.1 DESIGN CRITERIA

The module case was designed with the criteria that the lens/case
assembly would maintain the proper optical alignment, within the allowed
tolerances, over the full range of possible environmental conditions.
Furthermore, the assembly was designed to withstand the maximum wind
stress in an unstowed worst case angle of attack position. After the first
design iteration these critiera were deemed too severe since only a small
fraction of available energy occurs under extreme environmental conditions.
Furthermore, the original wind loading of 40 psi, used in the design, is
beyond the requirement for most locations. The peak wind load experi-
enced by an array can also be reduced by building "boundary layer trips”
around the array, which effectively create a "wind shadow" in the same
way that adjacent collector rows "shadow" each other. The ability of a
thermoplastic module to withstand short-term high stresses is more than
one order of magnitude higher than its ability to withstand sustained
stress levels. Therefore, the array can be stowed under extreme condi-

tions, reducing the design requirements for a sustained load.

Additional design criteria placed upon the module included the ability
to operate the module in an off-axis condition without module damage.
Such a condition could occur if the tracking sensors become misaligned
with respect to the optical axis of the module. Another criterion allowed
for a continuous cell assembly temperature of 100°C without module dam-
age. Because we intended to use a low-temperature thermoplastic for the
module, direct attachment of the cell assembly to the module was not ac~
ceptable. Two overriding criteria for the module were that the design

be low in cost and amenable to current, large volume production techniques.
7.2 MODULE CASE

The module case was designed as a monocoque, where the lenses,

module bottom, and sides are all stressed components. This type of design
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places the minimum stress on the material, and therefore allows for a
lighter and less costly module. The design does require that the lenses
be rigidly attached to the module case so that the lenses and module
bottom are in effect made the top and bottom of a beam, Under these
conditions, either the lens assembly or the module bottom is in compres-
sion and therefore must not exhibit a buckling instability. Furthermore,
the module sides are subject to web buckling and the edges of the module

are subject to failure from excessive shear stress.

Lens assembly buckling is inhibited by the shape of the domed lenses
which create stiffening ribs between lenses. The bottom of the module
can be prevented from buckling by adding stiffening ribs. Such free-
standing ribs are also subject to buckling and must be designed to avoid
catastrophic failure. The module sides can also be stiffened by vertical

ribs to avoid web buckling.

The original design assumed acrylic for the module material and util-
ized 300 psi as the long-term design working stress and 300,000 psi as the
modulus of elasticity. The 300-psi figure was used to avoid long-term
creep problems. The actual fatigue limit for acrylic is above 4000 psi
at 25°C and the momentary modulus is approximately 450,000 psi at that
temperature. The original design was for a square module with 16 lenses,
but the molding limitation of most injection molding machines induced us
to reduce the module to a 3 lens x 4 lens configuration. An artist's con-
ception of this design is shown in Figure 7.1 and a detailed drawing is

shown in Figure 7.2.

The design was revised later in the program and the new design re-
flects both reduced stress requirements and the desire to reduce the size
of the molded part. The new design is for one-quarter of the module,
which can be adhesively bonded to three identical pieces to form the
square 16 lens module. The reduction of the size of the molded part ré-

flects both the desire to reduce initial tooling cost and the desire to allow
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the part to be molded on a smaller size machine. This design is shown in
Figure 7.3 and includes edge details to permit adhesive bonding of the

module quadrants and of the lens assembly to the completed module.
7.3 RADIATION SHIELD

Protection for the acrylic module case in the event of off-axis opera-
tion is provided by the radiation shield. The shield is arranged such that
sunlight concentrated by the lenses cannot strike any portion of the case.
Figure 7.1 indicates an early design iteration. Relatively thick (0.012-in.
aluminum) lower radiation shields are utilized in the immediate vicinity
of the lens targets, where the intensity of an off-axis beam would approach
that seen by the PV cell under normal operation. The upper radiation
shield protects the remaining area, This part is formed of 0.003-in, alu-
minum foil, as it is located well above the target plane of the lens and

cannot see the high sunlight concentrations observed near the target.

Computer modeling of heat transfer and temperature profiles in thin
plates subjected to very localized heating suggested that thin aluminum
foil (0.0015 in.) would provide appropriate protection for the module case,
although the foil itself might attain local high temperatures near the con-
centrated beam. Several experiments were performed to test this infor-
mation, and to establish the temperature profile generated by an off-axis

beam from the domed lens in the area around the lens target.

Sample radiation shields, 4-in. square, were positioned near the lens
target of an operating single lens module. A thin film thermocouple was
bonded to the back of each sample with a thermally conductive epoxy.

The back of each thermocouple was insulated with a 3-in. square piece
of adhesive foam. The single lens module was oriented such that the off-
axis concentrated beam produced the maximum temperature on the sample
shield directly above the thermocouple. This was repeated, moving the

sample shield by -in. increments both horizontally and vertically. The
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temperatures achieved using 0.0015-in. aluminum foil, and 0.01i2-in. alu-
minum sheet are indicated in Figure 7.4. These are in good agreement

with our computer model.

Based on these temperature profiles, a single piece radiation shield
formed of 1.5-mil aluminum foil will provide protection for the module
case in the unlikely event of prolonged off-axis operation. The exact
configuration of the shield will be determined after the manufacturing
process has been selected. Foil forming, such as used to fabricate TV
dinner trays and other food packages, is being investigated. The final
radiation shield design will incorporate integral stiffening ribs, and will
be attached to the module case only at those points that would remain
below the heat distortion temperature of acrylic, even when exposed to

the off-axis beam from a lens.
7.4 CELL ASSEMBLY ATTACHMENT

The attachment of the cell assembly to the module case was designed
to meet several requirements. First, it had to provide a thermal break
between the cell assembly, which may attain temperatures up to 100°C,
and the acrylic module case. Second, it had to provide for precise align-

ment of the cell assembly beneath the associated lens.

The extenders indicated in Figures 6.18 and 6.23 fulfill these criteria,
Intended to be injection molded of glass filled nylon, this part can with-
stand the operating temperatures of the cell /heat sink assembly. Since
nylon is a poor conductor of heat, the thermal break requirement is also
satisfied. This design also allows the lens-to-cell distance of the module
to be varied by changing the length of the extender. This permits dif-
ferent PV cell sizes and/or concentration ratios to be accommodated with-
out requiring changes in the remainder of the module. Ultrasonic welding,
adhesive bonding, mechanical fastening, and snap fit attachment have

been considered as means to affix the extender to the module case.
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7.5 LENS ASSEMBLY TECHNIQUES

The domed Fresnel lenses were initially intended to be bonded to
each other and to the module case by means of ultrasonic welding., In-
vestigation of this bonding technique uncovered a major technical diffi-
culty for this application. While ultrasonic welding can produce high
strength and weather-tight welds, it is difficult to produce high quality
welds on a long curved surface. At the current state of the technolegy,
the size of ultrasonic horns that can be manufactured is limited to about
4 in. Welds larger than this are produced by scanning a smaller horn

across the desired bond area.

Sample domed lenses were sent to several ultrasonic welding houses
to be scan welded. One company was able to bond the lenses, but with
very poor results, Branson Sonic Power Company evaluated the lenses

as being poor candidates for ultrasonic welding.

Adhesive bonding was considered for the lens assembly method, with
more favorable results. Rohm & Haas Company provided information on
adhesives that they had found suitable for use with acrylic. Solvent-
based cements, such as Cement II, do not have setup times consistent
with high volume production, and can exhibit stress crazing under out-
door conditions. Two-part curing adhesives, such as PS-30 and epoxies,
were considered but these presented either pot life or setup time prob-
lems. A family of two-part cements known as "second generation acrylic
adhesives" look quite promising. The two parts are not mixed, but are
applied separately to the two substrates to be joined. Setup time is less
than 5 minutes. Weathering data are limited, but are positive to date.
Tensile, shear, and weathering tests performed at Thermo Electron are
all favorable, Use of this assembly method will require a new edge detail
on the domed lenses, and the mating portion of the module box, This is
indicated in the expanded details in Figure 7.5 and in detail "A" of Figure
7. 3.
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8. INSTRUMENTATION

Instrumentation to support the development work of the program
was designed, fabricated, and has been utilized during experiments,
This instrumentation includes a laser lens analyzer, an electronic load,

a direct /diffuse /total radiation monitor, and adaptations to the electronic
load to allow measurement of cell junction temperature_when the cell is
being heated either electrically or by light. The laser lens analyzer

was described in Chapter 4 but the remaining instrumentation is de-

scribed in the following sections.
8.1 ELECTRONIC LOAD

The electronic load, shown in Figure 8.1 (the schematic is shown in
Figure 8.2), was designed to test both cells and modules with voltages
up to 15 volts and currents up to 35 amps. Minor modifications will allow
the instrument to measure module voltages up to 35 volts. The present
full-scale values are 1 volt, 10 volts, 2 amps, and 20 amps, with inde-
pendent current and voltage ranges. Voltage, current, and power out-
puts are available in a 0 to 10 V analog output and from a digital readout.
Operation of the load can be extended into all four quadrants if desired.
Circuitry has been provided to locate and track the peak power point of
a-cell or module. A speed selectable ramp is provided for data acquisition
and x-y recorder plots. The ramp is configured to maintain a constant

pen speed for x-y recorders.
8.2 DIRECT /DIFFUSE RADIATION MONITOR

An improvement over the conventional methéd for measuring direct
radiation, by using a collimator, was sought because of the intrinsic po-
tential for measurement error with that method. The instrument that was
developed measures total radiation with a silicon photodiode, then blocks
the direct radiation by an opaque disk to obtain a measurement of diffuse

radiation. The difference between these two measurements is the direct
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radiation. A schematic of the instrument is shown in Figure 8.3, and

a schematic of the circuitry is shown in Figure 8.4. The total and diffuse
measurements are updated every 2 seconds and held by sample and hold
circuits to allow a continucus monitoring of their values as well as their
difference - the direct radiation. The photodiode current is temperature
compensated by a temperature sensitive resistor mounted in close thermal
contact with the photodiode. The time between total and diffuse measure-
ments is minimized by the quick return action of the mechanization. This
configuration was selected because it minimizes the error of measuring
direct radiation. The instrument cover is removed for data taking to fur-
ther reduce errors. The size and height of the shading disk can be se-
lected to match the acceptance angle of a particular collector if desired.

Figure 8.5 shows a photograph of this instrument.
8.3 CELL JUNCTION TEMPERATURE MEASUREMENT

The junction temperature of a photovoltaic cell can be measured di-
rectly by observing the forward voltage under conditions of constant
junction current. The open circuit voltage is a linear function of tempera-
ture and the junction current can be maintained at a constant level by
either maintaining constant illumination or by passing a constant current

through the cell.

The electronic load was adapted to allow cell junction temperature to
be measured under two modes of steady-state heating conditions. The
first mode realized the heating by inducing a forward current through
the cell. This heating current was interrupted for 1.5 msec, during which
a forward measurement current of 1 amp was induced. A sample and hoid
circuit was activated after the forward voltage achieved steady-state con-
ditions (approximately 1 msec). During this measurement interval the
temperature of the cell remains constant due to the thermal mass and the
short time of the measurement transient. The cell is calibrated by setting

the heating current to zero and flowing water of different temperatures
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Figure 8.5 Direct/Diffuse/Total Radiation Monitor
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through the heat sink. Figure 8.6 shows the calibration curve, oscillo-
scope traces of the current and voltage during the measurement transient,
and the results during cell heating. Figure 8.7 shows the schematic for

system operation.

T he second mode of thermal impedance measurement involves the use
of concentrated sunlight and an optical chopper, as shown in Figure 8. 8.
Two photodiodes, which are positioned on the housing of the optical
chopper, serve as position encoders to control operation of the electronic
load and sample and hold circuitry. When the cell under test is fully
illuminated by the concentrated light, the electronic load operates in a
short circuit current mode so that the level of incoming heat can be mea-
sured. When the cell becomes shaded, the electronic load operates in an
open circuit mode and a 1 amp forward current is induced in the cell to
measure the forward voltage. The light is chopped at a 10-Hz rate and
the duty cycle is 95 percent. Figure 8.7 shows a schematic of the elec-
tronics and Figure 8.9 shows the oscilloscope waveforms for the position

sensors and for the cell voltages and currents,
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Figure 8.8 Optical Chopper for Cell Temperature Measurement

105



485-N

Signals from shade position sensors
sample and hold circuit triggered when
both are low. Time Base = 2.0 ms/Div.

Cell Voltage (upper trace) 0.5 volts/Div.
OV at ISC to 0.7V at ltESt

Cell Current (lower trace) 2.0 amp /Div.
3.5A at Igc to —1.0A at Ii o

Time Base = 2,0 ms/Div.

Figure 8.9 Oscilloscope Waveforms During
Cell Junction Temperature
Measurement Under Solar Heating

106



o= Thermo
VE Eiectron

CORPORATION

9. ANNUAL ENERGY EVALUATION

In order to assess the effects of the various parameters that influence
module performance, a computer model of module operation was developed.
Tracking angle limits, local latitude, lens and PV cell performance char-
acteristics, and thermal system parameters can be varied to represent a
diversity of system configurations. Both active and passive cooling schemes

are accommodated.

Realistic module operation is simulated using hourly data from the

Typical Meteorological Year (TMY) weather tapes as input.

The overall program structure consists of an initialization and param-
eter input section; three nested loops which step through the hours, days,
and months of the year; and a data output section. Performance data

can be generated in the following formats:

Hourly, for any day of the vear
Daily, for any month of the year
Monthly, for the whole year

Annual summary only

Examples of these for Albuquerque, N.M, are reproduced in Figures 9.1
through 9.3. All energy inputs and outputs are kWh/mz, time is hours
and decimal fractions, and temperatures are degrees Celsius. The energy
outputs are slightly conservative as the simulation currently allows no
energy collection after the first intermodule shading in the afternoon, and

until intermodule shading completely ends the following morning.

A pass through the program for a single hour encompasses the fol-
lowing steps. The direct normal radiation received in the last hour is read
from the TMY data array. The array is four dimensional, and uses the
month, day, hour, and type of data as its subscripts. If the direct nor-
mal radiation is less than 1 Wlmz, the hour loop parameter is incremented

and program execution passes to the next hour.
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If the direct insolation is greater than 1 W/mz, the program checks
| for intermodule shading. Shading can occur if the sun's position relative
to the collector exceeds the module tilt angle limit (MTA), the column ro-
tation angle limit (CRA), or the southerly shading angle limit (SSA). If
one of these limits is encountered, a counter for that limit is incremented.
Only one limit can be encountered in a day, and it can only be incre-
mented once per day. If the current hour is before the morning limit
hour (or after the afterncon limit hour) the hour loop parameter is incre-

mented and execution passes to the next hour.

Direct insclation received in the limit hour, either in the morning or
in the afternocon, is assumed to have a triangular distribution. That is,
it increases (or decreases) linearly from the value for the previous hour
to the value for the limit hour, The simulation distinguishes six limit
hour cases, and determines the appropriate distribution and the amount
of insoclation available to the collector for that limit hour. The six cases

are:

.~ Sunrise Hour = Morning Limit Hour
Sunset Hour = Afternoon Limit Hour
Sunrise Hour = Morning Limit Hour -1
Sunset Hour = Afternocon Limit Hour +1

Sunrise Hour = Morning Limit Hour -2

o N s W N
- - - . »

Sunset Hour = Afternoon Limit Hour +2

In this manner, energy available to the collector in the partial hours at

the beginning and end of the collecting day is credited.

After the amount of energy available to the collector in the hour has
been determined, it is multiplied by the lens efficiency to calculate the
energy available at the cell in that hour. Next, the thermal and electrical
outputs are developed. This is an iterative process as the cell tempera-
ture affects the electrical output and the electrical output affects the

amount of energy remaining as heat.
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If the collector being modeled has active cooling, the cell tempera-
ture is based on the energy input, the ambient wet bulb temperature,
the conductivities of the cell mount and heat sink, the number of cells in
fluid series, the coolant flow rate, and the heat removal capacity of the
thermal load. Since wet bulb temperature is not provided on the TMY
tapes, it must be iteratively calculated from the dry bulb temperature

and the dew point temperature.

For passively cooled systems, the cell temperature is based on the
energy input, the dry bulb temperature, and the conductivities of the
cell mount and heat sink. The heat sink conductivity is a function of

energy input, ambient dry bulb temperature, and wind speed.

After energy and temperature balances have been achieved by the
iterative subroutines, the electrical and thermal outputs for the current
hour are printed and/or summed into the daily energy output totals,
depending on the output format selected by the program user. Program

execution then passes to the next hour.
9.1 RESULTS

One result of note is that there is very little loss in electrical output
between an actively cooled module and a passively cooled one, other fac-
tors being equal. This is due in part to the fact that most of the energy
is available at wind speeds above 1 m/sec. Figure 9.4 shows energy
availability matrices for Albuquerque, New Mexico, and Santa Maria, Cal-
ifornia. Passive heat sinks designed to operate at the thermal flux and
wind speed associated with the maximum energy distribution point result
in annual module electrical outputs on the order of 4% percent lower than

their actively cooled counterparts.
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10. CELL TESTING

Two different types of silicon cells were tested during the program.
The module and lens were designed for EMVJ cells from Microwave Asso-
ciates, but planar junction cells from ASEC were also tested for comparison.

The test results for these two cell types are presented in the following sections.
10.1 MICROWAVE ASSOCIATES' EMVJ CELLS

The cell that was designed for this program was a (.37 in. x 0,37 in,
EMVJ cell described in Appendix 1. This cell is shown, mounted for test-
ing, in Figure 10.1. Microwave Associates encountered difficulties fab-
ricating these cells and, due to these problems, substituted their smaller
0. 26~in, diameter cells. The 0.26-in. diameter cell is shown in Figure
10.2. Both cell types were tested with the lens designed for the larger
cells, Test results for cell TE3-5, a 0.37-in. square cell with a secondary
concentrator, are shown in Figure 10.3. The cell currents are low because

the antireflection (AR) coating on the Microwave cells is SiO, with a quarter

wavelength thickness. The glass secondary has the same re%ractive in-
dex as SiOz, thereby eliminating the effectiveness of the quar#er wave-
length coating. This problem will be corrected when Microwave Associates
completes their work on silicon nitride coatings, which have a higher re-
fractive index., Figure 10,4 shows similar results for a 0.26-in.-diameter

cell.

The peak intensities on these cells can reach 3000 suns yet the cells
do not show excessively high resistances which would result in low cell
fill factors. Fill factors do decrease at high insolation conditions, but the
major consistent problem is an apparent shunt resistance probably caused
by the loss of conductivity modulation due to high base resistivity (see

Appendix 1).
10.2 PLANAR JUNCTION CELLS

Two planar junction cell sizes were tested during the program, The

largest cell was an ASEC 2,05 ¢m x 2.05 cm (Sandia "Strawman" cell),
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Figure 10.1 Microwave Associates' 0. 37-Inch Cell
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Although the performance of this cell peaks between 40 and 50 suns, its
efficiency decreases slowly so that it can be operated at the 90-sun
level, which would be the approximate intensity with our lens. The test
results for this cell are shown in Figure 10.5. A smaller ASEC cell, 1.55
cm in diameter, was also tested. This cell was designed to operate at
150 suns and we tested it at nearly 200 suns. The results for this cell
are shown in Figure 10.6. The highest performance measured was ob-

tained with this cell.

The various cells tested during the program are shown in Figure
10.7. The cells have both current and voltage leads (4-wire configuration)
to minimize measurement errors, Cell configurations included the four
basic types previously described and each type included cells with and
without a secondary concentrator. The 0,37-in. square Microwave
Associates' cells were tested with two types of secondary concentrators,
and these are shown in Figure 10.8. A detail of one of the Microwave
Associates' cells with a secondary is shown in Figure 10.9, The 1.55-cm

diameter ASEC cell is shown with a secondary concentrator in Figure 10.10.

Lens efficiencies for various cell sizes can be estimated by taking
the ratio of cell current under concentrated light to cell current at 1 sun
after each has been corrected for intensity and temperature. Only an
approximation is obtained since the ratio obtained may not be linear with

intensity. The results for the cells tested are shown in Table 10.1.
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Figure 10.8 Microwave Associates' Cells with Secondary Concentrators
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Figure 10.9 Detail of Microwave Associates' Cell with Secondary
Concentrator
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TABLE 10.1
LENS EFFICIENCY BASED UPON CELL CURRENT RATIOS

Calibration of Direct Radiometer based upon
Eppley Radiometer - 10. 7 volts /kW /m?

Lens Geometric
Cell Type and Configuration Efficiency Concentration
(%) Ratio
Microwave Associates 0.26-in. diameter
Without secondary 58.9 1526
With secondary 68.5
Microwave Associates 0.37-in. square
Without secondary 77.6 592
With secondary 82
ASEC 1.55-cm diameter
Without secondary 84.5 to 86.6 277
With secondary 84.8 to 87
ASEC 2.05-cm square
Without secondary 86.3 124
With secondary 86
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11. DESIGN RECOMMENDATIONS AND CONCLUSIONS
11.1 LENS TOOLING AND PRODUCTION

The results from the lens testing indicate that injection molding is
a viable and low cost production method for manufacturing quality Fresnel
lenses. Unfortunately, conventional mold tool fabrication techniques in-
volving hard polishing do not readily lend themselves to generating a tool
of the precision required. It is highly recommended that the present tool-
ing be modified so that a diamond turned faceted surface can be substituted
for the present surface which was ground and polished. It is further rec-
ommended that the lens details that permit ultrasonic welding of the lenses
be removed and a new detail for adhesive bonding be applied to the mold,
since adhesive bonding is more viable than ultrasonic bonding for the

curved lenses.
11.2 HEAT REMOVAL

The heat removal designs generated during the program have been
shown to provide adequate cell cooling. It is recommended that the flat-
tened tube design and the round tube design be further refined because
of their potential for improved performance at a lower cost. Passive cool-

ing can provide adequate cell cooling even at high concentration ratios.
11.3 MODULE DESIGN AND FABRICATION

The present module housing design is based upon injection molding
technology and is limited in size and minimum wall thickness. Alternative
materials and production methods should be investigated to allow cost re-
duction of this part. Adhesives for the bonding of modules and lenses

need to be investigated in greater detail.
11.4 SECONDARY CONCENTRATOR

Positive results, which include adequate cell/secondary bonding and

decreased sensitivity to tracking and optics errors, were obtained during
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the program. Further development with cells incorporating secondary
concentrators should be pursued. Areas that required additional investi-
gation include improved secondary designs and bonding materials and

methods for attaching the secondary concentrator to the cell.

11.5 INSTRUMENTATION

The instrumentation developed during the program has been a great
asset in the measurement and characterization of cells and lenses. Some

minor modifications to this instrumentation will enhance its general use.

11.6 GENERAL

The viability of utilizing injection molded domed Fresnel lenses in
combination with high concentration silicon cells has been adequately
demonstrated during the program. Improved cells for use at intensities

of 400 suns and greater, need to be developed.

A revised tradeoff study of cell, lens, and module sizing needs to

be conducted with the constraints of array size and cost,
11.7 CONCLUSIONS

The results obtained during the program indicate that injection-
molded, domed, acrylic lenses should be capable of obtaining efficiencies
in the 87 to 89 percent range when used in conjunction with cells operated
at a geometric concentration ratio of 600, The cells should have efficiencies
in the range of 19 to 20 percent giving an overall module efficiency between
16.5 and 17,8 percent. To achieve these results, the mold tooling must
be corrected utilizing diamond turning techniques to provide accurate
surface contours. Cell cooling, either by active or passive techniques,
can control the cell temperature and restrict the temperature rise to 10°
to 15°C above the coolant or ambient temperature., The module case can
be injection molded, although a mold for a single piece molding is expensive.
The module case can be molded in four identical quadrants, and the cost

of the mold for a molding this size is more reasonable.
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1.0 INTRODUCTION

This report covers work performed by Microwave As sociate;s
(M/A) for Thermo-Electron (T/E) during the period December 1979 through
May 1981. The major goal of this work was to provide T/E with EMV]
photovoltaic cells, especially designed to operate with the domed Fresnel
lens optics module being fabricated by T/E for Sandia laboratories. The

work consisted of essentially three phases:

1. An engineering support phase during which information
was provided to T/E on the operating characteristics
of EMVTJ cells under various conditions. In addition
certain measurements and experiments were carried
out by M/A at T/E's request, and various samples
were provided to T/E for evaluation and measurement.
At the end of this phase a particular cell size and

aperating concentration were mutually agreed upon.

2. A design phase then took place at M/A, resulting
in a specific cell design intended to have a low
series resistance with a cell of much larger area
than had yet been fabricated at M/A. In addition,
a metallized beryllia mount with brazed copper tabs
for top and bottom electrodes was designed and
approved by T/E. Materials and masks for both
cell and mount were ordered and received by
June 1980.
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The final phase, fabrication and testing, resulted
in cells which had excellent performance in the 1 to
100 sun range, but the efficiency began decreasing
rapidly above 100-200 suns. A design change was
made in the grid pattern in order to correct the
problem, with only partial success. At this time
the nature of the problem is not fully understood.

[n the meantime, the smaller "baseline" cell

being fabricated for Sandia was tested with a
secondary stage concentrator, and this combination
appears to work well, so emphasis is being placed
on this approach at present. Approximately 25 cells
on specially designed mounts were delivered to T/E
during this pericd, of both the quadrant and the base~

line design.
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2.0 BRIEF REVIEW OF THE STRUCTURE AND OPERATION OF THE ETCHED
MULTIPLE VERTICAL JUNCTION (EMV]) CELL

2.1 The Effect of Series Resistance on Cell Performance

The single most important factor which limits cell performance
at high incident intensities is series resistance (RS). The series resistance
due to the cell (and its leads) must be very small, so that the total voltage
drop due to Rs is less than ~20 mV at the opera;:ing point. This means
that at 500 suns, a cell with an area of 1.0 ¢m”™ must have an RS of less
than a few milliohms in order that the effect on efficiency be negligible.
There are four major sources of series resistance in horizontal junction
solar cells: the metallization grid, the thin surface diffusion, non-ohmic
contacts, and carrier depletion in the base region, Since it is virtually
impossible to reduce RS to a sufficiently low value in a horizontal junction
cell, the efficiency of these cells, even when modified for improved high
intensity performance, begins to decrease around 50-100 suns., Furthermore,
since the effect of the internal voltage drop on efficiency is highly nonlinear,
efficiency decreases very rapidly with further increases in intensity. The

effect is illustrated in Figure 1.

2.2 Baseline EMVT Structure

By making a radical alteration in cell configuration, a
sufficiently low RS to allow efficient cell operation at ~1000 suns has been
achieved. The basic structure is shown in Figure 2. The starting material
is silicon with a {110) surface orientaticn to permit the anisotropic etching
of a series of narrow vertical-walled grooves normal to the surface. The
groove walls contain a p+ diffused region which acts as the emitter, and
the back of the wafer has a continuous n+ diffusion. The groove walls are
heavily plated with gold, which conducts the collected carriers to a bus

which surrounds the active area. The basic structure virtually eliminates
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the internal voltage drops which arise in horizontal junction cells at high
concentration from current flow in the thin surface diffusions, from the
grid metallization, and from contact resistance. In this device, current
flows directly through the p+ junction diffusions into the metallization on
the groove walls, so there is no current flow in the plane of the diffused
layer. In addition, since the plated area is large relative to the groove
width (a ratio of 15:1}, series resistance losses in the metallization itself
are negligible. Contact resistance is reduced because the entire junction
area is metallized. The grooves are 12-15 um wide and have a 200 um

center spacing.

During plating (thin Ni for adhesion, thick gold for conduc-
tance) the grooves are nearly filled with metal, and some top surface area on
either side is also covered. The total obscured surface area is ~ 10%. The
metallization grid is thus equivalent to a series of lines 12 um (0.5 mil)
wide by 100 pm (4.0 mils) thick, to give an effective resistance of ~ 2 ma .
The top electrode bus, which connects all of the grooves electrically in
parallel, defines an active area 0.66 cm in diameter (0.34 cm2 in area) and
has an outer dimension of 0.76 ¢m square, as shown in Figure 3. The
perfocrmance parameters for this cell are shown in Figure 4. The efficiency
reaches ~ 18,5% at 500 suns and the decrease beyond 1000 suns is due to

voltage drops in the base. The cell uses thermally grown SiO. at present

2

as the AR coating, until an improved coating, such as 813N4, is available.

The one sun short circuit current is 31.5 mA/cmZ.
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3.0 DESIGN CONSIDERATIONS FOR THE T/E CELL

3.1 Size and Intensity

T/E requested a cell with an active area 0.94 cm x 0.94 cm
(0.37" x0.37") or 0.88 crn2 in area, The spot of focussed light impinging
on the cell was designed to cover ~ § of the cell area and have an average
concentration within the spot of 2000 suns. Assuming no effects due to
this highly non-uniform illumination, this is equivalent to a uniform cell
illumination of 500 suns. In designing the T/E cell, it was taken as a
ground rule that the internal voltage drop in the metallization should be
no greater than that in the baseline cell. It was evident that the baseline
cell could not simply be scaled up, because the much larger area of the |
T/E cell would require excessively wide grooves in order to carry the much
greater current. This would result in an obscured surface area approaching

30%, which would be totally unacceptable.

The relative groove width required for a given internal
voltage drop may be determined as follows. For a uniformly illuminated
cell having a conductor grid consisting of straight grooves of equal length,
the internal voltage drop due to current flow in the grooves, AV, is prop-
portional to SLZ/D, where 8 is the groove center spacing, L is the groove
length, and D is the groove depth. 1In order to compare similar geometries,
an earlier square version of the baseline cell, having a groove length of

0.235" was used for the calculation.

This cell had the same grocove width (12.5 pm), depth
(100 pm), and center spacing (200 pm) as the present baseline cell, and a
peak efficiency at ~ 500 suns, making it especially appropriate for
establishing the T/E cell dimensions. Using the above formula, AV = SLZ/D,
the increase in AV due to the increased groove length is (0 .37)2/(0.235)2=

2.5. Thus, the groove width would require an increase from 12.5 pm (0.5 mil)
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to 31 gm (1.2 mil). In addition the spread of the plating on the surface is
about 0.5 times the groove width, tc give an obscured area of 46.5 pym
(1.8 mil) for the larger cell. Finally, since the illuminated area is much
smaller than the cell, AV will be much larger than given by the above
formula based on uniform illumination, since fewer grooves will be
carrying more current for spot positions near the center of the cell. This
effect could easily increase AV by another factor of two, since for a
centered spot, only 1 of the grooves would be carrying the same total
current, The result of these considerations is that an increase in groove
width by a factor of ~ 5 would be required to maintain the desired internal
voltage drop. By increasing the groove depth somewhat, the required
increase in groove width would be reduced, but an unacceptably large

obscured area of ~ 30% would still be necessary.

3.2 Description of the Cell Structure Designed for T/E

In a single crystal silicon wafer having a {110) surface
orientation, there are two sets of {(111) planes which are normal to the
surface. These sets of planes intersect each other at an angle of ~700.

In a typical EMVT cell, the groocves are etched along only one set of these
planes to give the desired set of straight vertical-walled grooves. If

both sets of planes are utilized, a quadrant type of pattern can be obtained,
which reduces AV by almost a factor of 4 with uniform illumination (for a
given groove width)., The use of such a pattern, therefore, allows the use
of the same groove width as in the baseline cell with only a small increase
in AV. The layout chosen for the T/E cell is shown in Figure 5. The space
between grooves along the diagonals is exaggerated - the grooves must not
actually meet because rapidly etching corners are then exposed. The actual

space is on the order of the center spacing of adjacent grooves.
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4.0 EXPERIMENTAL RESULTS

4.1 Fabrication and Testing of Quadrant Cells

The first run of T/E cells was fabricated during August 1980.
For comparison, a run of standard baseline cells and a run of baseline cells
with a quadrant pattern were carried out at the same time. No difficulties
were encountered during fabrication with the groove etching step, or any
of the other steps. Cells of each type were mounted for high-intensity
testing. The one sun Voc and FF performance of all three types was very
good. The T/E cell had the best one sun values of Voc and FF ever measured
on an EMVTJ cell, with Voc =0.6 volts and FF=0.79. One sun values for

Isc were not measured for these initial runs, due to poor weather conditions.

The high intensity measurements will now be described. The
baseline cell behaved in a typical fashion such as that shown earlier in
Figure 4. The T/E cell could only be tested to ~ 700 suns because of its
large size. The results are shown in Figure 6, where it is seen that the FF
decreases very rapidly with increasing intensity, starting at about 100-200
suns, and Voc is also somewhat low at high intensities. The decrease in IF
was not due to RS in the metallization; this was determined by over-plating
a cell and finding no change in FF behavior. It was also found that the run
of baseline cells having a quadrant pattern behaved much like the T/E cell,
with a relatively rapid decrease in FF at high intensities, while the standard
straight-grooved baseline cells had good high intensity performance, as

shown previously in Figure 4.

A close-up photo of a mounted cell is shown in Figure 7.
The top electrode of the cell is attached to the external leads with enough

ribbon bonds to avoid voltage drops at high intensity. A close-up of a pack-
aged baseline cell is shown in Figure 8, with a top contacting scheme similar
to one that could be used with the T/E cell.
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Figure 7. Photograph of the T/E Quadrant Cell in Its Special Mount Using
a Metallized Beryllia Base. Multiple Ribbon Bonds are Used to
Connect the Top Cell Electrode to the Top Copper Tab With a
Negligible Voltage Drop.
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4.2 Discussion

From these results it can be concluded that the problem lies
with neither the processing nor the large size of the T/E cell, but with the
design of the quadrant pattern. This conclusion is based on the fact that
baseline cells had good performance, and modifi-d baseline cells with a
quadrant pattern, from the same run, had poor performance similar to that
of the T/E cells.

Since there is no fundamental difference, either structurally
or electronically, between the two sets of (111) planes, attention was
focussed on the specific dimensions chosen for the design of the T/E grid
pattern. In particular, the spacing between sets of grooves in each quadrant,
i.e. along the cell diagonals, was a potential source of voltage drops in the
base region. This is because the ends of the grooves are not vertical, like
the groove walls, but slope away from the top surface at an angle of 35°,
so carriers collected deeper in the base have a greater distance to travel
with increasing depth into the base. In the cell design shown in Figure 7,
the distance between p+ junctions at the cell diagonals is 12 mil
at the surface, but is 18.6 mil at the bottom of the grooves for the 70. 34°
angle quadrants and 21.3 mil at the bottom of the 109.66° guadrants.
Therefore, the effective base width for the quadrant cells is much greater
in this diagonal region (which represents 9% of the cell active area) than
anywhere in the baseline configuration. This large effective base width is
probably not too long compared to the carrier diffusion length in the base
region. Sandia Laboratories measured the carrier lifetime of baseline cells
to be on the order of 400 sec, which corresponds to a diffusion length of
30 mil. The problem lies, however, with the loss of conductivity modulation
at high carrier injection levels*. When current flows through a cell at very
high light intensities a depletion of minority carriers occurs starting at the
back surface (where minority carriers cannot be generated). This creates
a non-uniform electric field in the cell's base region, and consequently a
voltage drop across the area of the cell depleted in holes. The base region
conductivity is thus no longer proportional to incident light intensity, but
becomes limited by the conductivity of the material. Hence, cell fill factor,

*See Schwartz, et al., IEEE Trans. Elec. Dev. ED-28, 264 (1981).
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and consequently efficiency drop at lower light intensity than expected.
This loss of conductivity modulation at high intensity manifests itself as
a current dependent series resistance, and looks like a shunt resistance

on an [-V curve.

There are two approaches to overcoming this limit to high
efficiency at high intensity. One can make cells out of lower base resistivity
material so that the limiting resistance of the base region is as small as
possible. Also, the effective base region can be decreased, which reduces
the extent of the effect. In horizontal junction cells, this would mean
thinning the base region so p+ and n+ junctions are closer together. In
a vertical junction cell this can be accomplished by moving the grooves
closer together. This was attempted with the modified geometry shown
in Figure 9. At the cell surface the grooves are only 2 mils apart on the
diagonal, and at the bottom of the grooves the distance is less than 10 mils

(the groove center spacing).

Unfortunately, cells with this modified groove pattern showed
essentially the same behavior as the original cells. Either this modification
was not entirely effective in narrowing the base region or the problem lies
elsewhere. The following approaches could be used to* reduce the base
width:

1 Make thinner (e.g. 8 or 6 mil) cells.

2 Etch deeper grooves.

B Etch n+ grooves up from the back of the cell.
4

Use lower resistivity material.
More time is required to investigate these possibilities.

Although the overplating experiments suggest the contrary,
it is possible that the small voltage drops along the grooves affect the fill
factor adversely. As the grooves are connected only at the bus and their
lengths vary considerably, there could be significant potential differences
at the ends of the grooves. This could be investigated by metallizing stripes

along the cell diagonals that would tie all the grooves together.
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It should be noted that the sawn edges of the cells do not
play a significant role in the fill factor degradation. Compared with base-
line cells, the T/E geometry has a 50% greater volume to edge ratio, and
edge effects are not predominant in baseline cells.
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4.3 Experiments with Secondary Concentrator

One of the options proposed by T/E in the original proposal
to Sandia was the use of a secondary stage concentrator. This could be a
dielectric type in optical contact with the cell, operating by internal
reflection, and other types such as reflective cones were also mentioned.
The advantages offered by this approach are: (1) the use of smaller cells
becomes possible; (2) less pointing accuracy in the tracking system is
required; and (3) more uniform cell illumination is obtained, Alternatively,
the secondary stage can be used to reach higher concentration ratios,

should that prove desirable.

In order to test the concept experimentally, a baseline EMVT]
cell was thoroughly characterized from 1 to 1000 suns, and a glass secondary
stage concentrator operating by internal reflection was then bonded to the
cell. T/E performed the bonding with a silicate material after practicing
on mechanical samples provided by M/A for this purpose. Measurements
were then carried out to determine if the operation of the unit was as
expected based on geometric considerations, and if any degradation of
cell performance had been caused by the bonding process. The unit was
also exposed to unfiltered 1000 sun illumination from the Xenon arc lamp
for 1-2 days to see if degradation of the bonding material was occurring,

and very little change was observed,

The one sun current was determined by outdoor measurements
before and after bonding of the secondary concentrator. Various corrections
were necessary in order to make a valid comparison because (1) the
illuminated cell area was different with and without the concentrator,

(2) the reflectance at the cell~concentrator interface is different from the
cell-air interface and (3) the reflectance of the top surface of the concentrator
must be taken into account. Otherwise, if not for these three items, the

ratio of one sun currents would simply equal the ratio of the area of the

159



MICROWAVE ASSOCIATES, INC.

concentrator's top surface to the area of the cell. The concentrator is
simply a solid glass cone 0.315" in height, with a top surface diameter

of 0,377" and a bottom surface diameter of 0.250". When the correction
factors for reflectance and difference in illuminated areas are multiplied
by (0 .3?7)2/(0.250)2, good agreement is obtained with the measured
current ratio. The measured ratio is 1,83, and the calculated ratio is
1.88. The actual values of the one sun currents, determined from outdoor
measurements, are 18.95 mA with the secondary and 10.35 mA without the

secondary.

The fact that the secondary concentrator does not change
the intrinsic cell performance is shown in Figure 10. The measured points
for VOC and FF at a given current output are in excellent agreement with and
without the secondary. In order to achieve optimal cell performance with

the secondary, an AR coating with an index of 2.3 - 2.4 is required

(equal to Jnsin glass =,/ (3.5)(1.5) = 2.3). This can be accomplished with

evaporated TJLO2 or TaZO Better techniques for attaching the secondary

5"
should also be investigated. [t is felt that electrostatic bonding would not
be an appropriate process for this application. The surface of the solar
cell is not flat, as it has both the grooves and plated metal which sticks up
above the surface. Electrostatic bonding on such a surface would require
temperatures that would probably be detrimental to the relatively low

temperature nickel-gold metallization scheme used on the cells.
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5.0 CONCLUSIONS

The large quadrant-type cell developed for T/E peaks in
efficiency at lower concentrations than would be expected from a direct
scaling of Microwave Associates' (.34 cm2 cell. It appears that the
source of this problem lies in either internal voltage drops or in non-
uniform potentials along the unconnected grooves of different lengths.
With further development the quadrant design should Yield improved
performance. The secondary stage glass concentrator appears to work
well, and with an improved AR coating to match the indices of Si-glass
interface, this approach to high concentration photovoltaic conversion

using the Thermo=Electron lens system should be effective.
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