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1 Introduction

About 9% of the total incident solar radiation in space
is converted to electrical energy by Hoffman production-run silicon
solar ceiis. However, more than 90% of the total solar radiation
is absorbed by an uncoated cell. This excess energy absorbed is
degraded to heat, which must be lost in space by re-radiation. An
energy balance is therefore established for the cell, in which the
radiation absorbed equals the electrical energy supplied to an
external circuit plus the thermal energy radiated, and the cell attalns
an equilibrium temperature. Since in the temperature region of
interest the conversion efficiency of solar cells increases as the
temperature is decreased, it is important to achieve the lowest
possible ceil operating temperature. This can be done by rejecting
unusable solar radiation by reflection, and by increasing the cell
emissivity. Since uncoated cells absorb nearly all incident radiation,
and since the cell surface has a very low emissivity, it becomes
necessary to use cell coatings to accomplish these objectives.

The requirements of an ideal coating include a high
reflectivity in the ultraviolet spectral region, high transmissivity
in the visible to about 1.1 microns, high reflectivity just beyond
the transmission cut-off, and high emissivity in the infrared beyond
4u. In addition any coating to be used must be stable to all aspects
of a space environment, including prolonged exposure to solar
ultraviolet radiation and electron and proton bombardment.

The above requirements are presently being met in part
by cementing very thin glass covers onto the front of the cell. Since
the transparent cement used decreases in transmission from prolonged
exposure to ultraviolet light, the cement must be protected. This is

done by vacuum depositing on one side of the glass a l4-layer



interference type coating which selectively reflects ultraviolet
radiation from about 0.3 to 0.45 microns. To increcase absorp-
tion of the covered cell an antireflection coating is also deposited
onto the front surface of the cover glass.

The objective of this contract was to increase cell
efficiencies in space and to decrease the coating cost, by exploring
nossible coatings which would utilize optical properties of the
coating matcrial, rather than utilizing interference effects between

multilayers



2 Summary and Conclusions

1The theoretical basis for the reflectance of dielectric
materials in the uitraviolet and the near infrared haz—l/a_ecn reviewed,
as well as the properties required for high emissivity. From-these
considerations it was concluded that single thin film coatings alone,
of 1 micron or iess in thickness, can not provide either adequate
emissivity or high selective reflectivity of the wavelengths required
and still show }figh transmission from 0.45 to 1. li.ecwlrx) high
emissivity was found to be the most important single method of
rcjecting energy in space. Therefore attention was directed primarily
toward achieving maximum emissivity. Emissivities of the order of
0.9 can only be obtained using coatings of several mils thickness.

Silicone coatings were found to be very simple and
inexpensive to apply, and within the accuracy of available data to
show a predicted performance in space eguivalent to the presently
used ultraviolet reflecting coated cover glasses. Numerous laboratory
tests of limited time duration have shown the selected silicone coating
to be stable to the expected environniental conditions during storage
as well as in spacc . However, the stability of the coating to prolonged
ultraviolet solar radiation in space must still be established

Onec sample of the silicone coating selected has success-
fully withstood ~xposure to ultra\:iolc:t radiation, in an argen atmosphere,
for an estimated 20 ecquivalent sun days in space. However, the
coatings rapidly degrade under ultraviolet radiation in the presence of
any recactive impuritics in the atmosphere. Detailed ultraviolet
tests of longer duration will be required, with spectrally defined
ultraviolet radiation and with the atmospheric purity and coating
temperature rigorously controlled in order to experimentally determine

lifetimes in space environment.



3 Effect of Coatings on Solar Cell Conversion Efficiency in Space

In order to establish the optimum coating characteristics,
equilibrium solar cell temperatures have been calculated for various
cut-off points from high reflectivity to high transmissivity in both the
ultraviolet and infrared, as well as for the cross-over point from
high reflectivity to high emissivity in the infrared. All of these
calculations are based on the solar spectrum given by Johnson, (1)
reproduced in Fig. 1, which is for-zero air mass, and all cell
efficiencies considered subsequently are based on this curve. Calcu-
lations were made graphically with the use of a planimeter, together
with a radiation calculator slide rule. Solar cells of 9% conversion
efficiency in space are used for these calculations. (This corresponds
to @ conversion efficiency of 12% as measured conventionally using
a tungsten source. )

~

3.1 Calculated Cell Temperatures with Coatings of Various Assumed
Opiical Properties.

The enecrgy in various portions of the solar spectrum and
the eclectrical encrgy produced by a cell with 9% efficiency in space
are shown in Fig. 2. The encrgy conversion curve for the cell was
calculated using the spectral response curve given in reference 2. These
values were then used to calculate the results shown in Table I. On
‘the basis of these preliminary calculations, the desired properties of

a coating in order of importance are:

1. High transparency from 0.4 to 1. 1;
High emissivity above 4u;

High reflectivity from 1.1 to 4u;

- W BN

High reflectivity below 0. 4pu.
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TABLE I: CELL OPERATING TEMPERATURES & CONVERSION EFFICIENCIES

A=1

(0 - 4u)
A=1(.4 - 4u)
R = 1(0 - . 4u)
A::I(O- 11/.1)
R=1(1.1 - 4y)
A=1(4-1.14)
R = 1{(0 - . 4u)
R=1(1.1 - 4u)

A = Absorptivity
R = Reflectivity

Emissivity of Front Surface of Cell

0 .25 .50 .75 1.0
119°C 38 80°G 64°C 53°C
4.9% 5.8% 6. 6% 7.2% 7.7%
108°C 87°c 69°C 56°C 45°¢C
5.4% 6.3% 7.0% 7.6% 8. 1%
93°C 73°C 56°C 42°¢C 32°¢
6.0% 7.0% 7.6% 8.2% 8. 7%
80°C 61°C 45°C 32°¢C 22°C
6.6% 7.5% 8. 1% 8. 7% 9.1%

Assumptions:

Cell efficiency in space s 9% at 2500.

Solar Constant = 0. 1396 watts/cmz.

Energy is radiated from both the front and rear surfaces of the cell, assuming

an emissivity of unity for the rear surface.

Cell efficiencics at various temperatures are calculated using temperature
dependence data from Ref. 2 assuming a load matchdd at the calculated

temperature.




The wavelength values listed here are approximate;
more exact cut-off and cross-over points are calculated in following
parts of this report. However, using the optimum cut-off points
obtained subsequently, the minimum cell operating temperature is

calculated to be SOC. (Fig. 3), as compared to ZZOC. in Table I.

3.2 Spectral Response and Solar Response of 9% Cell

The solar spectrum and the relative cell response at
constant light intensity are plotted in Fig. 4, using arbitrary energy
units for relative cell response. The relative cell response curve
was determined using a tungsten light source, the dashed portion
being extrapolated.

The product of these curves gives the relative cell
response to solar radiation, also plotted using arbitrary energy
units. The arca labeled clecirical energy is proporticnal to the
relative celi response for the solar spectrum, and equals 9% of

. 2
the total area under the solar spectral curve, or 0.01255 watts/cm.

3.3 Optimum Transmission Cut-Offs for Cell Coatings

The optimum transmission cut-offs, or the limits of
useful radiation for a cell operating in vacuum, include the spectral
band that results in the maximum power output of a solar cell. As
_ cither transmission cut-off is shifted in either direction the power
output decrcases. The factors that determine these cut-offs include:
the change in cell output as a function of temperature, the conversion
efficiency of a cell as a function of the wavelength of incident
radiation, and the emissivity of both the front and back surfaces

of the cell.
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The maximum power output of a cell at various tempera-
tures, as compared to the maximum output of a cell at 3000., is
glven in Fig. 5. The spectral conversion efficiency of a 9% cell
is shown in Fig. 6, together with the optimum cutoff points for
threce values of emissivity.

The most important variable affecting the equilibrium
opcrating temperature in space is the emissivity of the cell.
Emissivity calculations have been Enade using the Stefan-Boltzmann
law, assuming that the spectral distribution of radiation from the
cell surface is directly proportional to a black body distribution.

A sample of calculations used to plot Fig. 6 is given below.

From the Stefan-Boltzmann law a black body at 3OOC.
radiates 0.000628 watts/cm2 more than a body at 2900. At
equilibrium in a vacuum, the body receives as much radiation as it
radiates. If one surface receives and two are free to radiate as is
the case with a solar cell, then the energy the cell receives on one
surface may be twice as large, or 0.001256 watts cm?z, for the
same temperature change of lOC.

The loss of efficiency resulting from a IOC. t emperature
risc is 0.486% from 30°C. to approximately , 110°¢C. (see Fig. 4).
Below SOOC. , the efficiency loss is smaller. The loss of electrical
energy at 3OOC. for a 1° temperature rise ina 9% efficient cell

is
AW _ = (.09) (. 1396) (.00486) = 0.0000610 watts cm. =2

The radiation received must make enough clectricity to
compensate for the loss in output due to the temoerature rise. The

total radiation absorbed. W, 1is converted to heat, W or to

hl

11.
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14.

electricity, We' For a cell with emisstvity of 1 on each radiating

surface, or a total emissivity of 1,

W =Wh-I-We

W =0.001256 + 0.0000610 = 0.001317 watts cm-z.
and the minimum useful conversion efficiency is

We _0.000061

W~ 0.001317

= 0.0463 or 4. 63%.

The results of similar calculations for other emissivities are given
in Fig. 6.

The intersections of the minimum useful conversion
efficiency lines and the per cent conversion versus wavelength curve
yield cut-off points for the useful radiation range. The cut-off points
fora 9% cell are shown in Fig. 6. For £ = 0.5, the useful range
s 0.515u to 1.03u. For £ =0.75, the useful range is 0.47u to
1.06pu. For € = 1.0, the useful range {s 0.45u to 1.08u.

The cut-off points do not change much for cells of

different efficiency. Fora 4-1/2% cell, and € =0.5

W =0.000628 + 0.0000305 =0.0006585

and the minimum useful conversion efficiency is

We  0.0000305

Wh ~ 0.0006585

= (.0463 or 4.73%.



15.

This point is shown on Fig. 6 for comparison with the
9% cell; however, it should be noted that the ordinate scale for a

4-1/2% cell is not the sama as fora 9% cell.

3.4 Optimum Cross-QOver Point in the Infrared from High
Reflectivity to High Emissivity

The spectral distribution of sunlight, together with
curves showing the energy radiated from two sides of a thin sheet
black body at several temperatures, are given in Fig. 7. These
latter curves are black body curves with the ordinates multiplied
by two, or black body x 2 curves. The intersection of the solar
spectrum and the black body x 2 spectrum for any temperature is

the cross-over point for that temperature.

€ front + €back
2

than 1, then a proportional part of the black body x 2 curve must be

If the total emissivity ( ) is less
used to determine the cross-over wavelength. For example, if the
total emissivity is 0.5 and the temperature {s IOOOC., the inter-
section will be at 3.58u instead of 3.33u. The optimum cross-over
point in the infrared from hig.‘n reflectivity to high emissivity is plotted
in Fig. 8 as a function of temperature for various total emissivities.
Fig. 8 is derived directly from Fig. 7.

The exact location of this cross-over point in the
infrared is not as important as the transmission cut-offs considered
previously. At BOOC., the cross-over wavelength may vary between
3.1y and 5.4u, and the cell temperature willi remain within IOG
of the temperature at the optimum cross-over point, 4.2u. These

numbers were calculated from Fig. 7. The area under each curve is

proportional to the energy in each wavelength range. The area under
2

’

and the energy is .0161(. 1336) = 0.002247 watts cm._2 in this range.

the solar spectrum bhetween 3u and 5u was measured as 2.86 in.
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18.

-2
As determined carlier, 0.000628 watts cm. of
energy {s required for a temperature change of IOC. at 30°C. if

€ =0.5 and 0001256 watts em % if € = 1.

- x(in.)2 _ 0.001256 watts cm._2

G

2.86 in.‘)‘ 0.002247 watts cm.’2

x = 1.57 in.2

The arca between the solar radiation curve and the
2
black body x 2 curve in Fig. 6 must therefore equal 1.57in. before

. o
the temperature is raised or lowered 1°C.
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"4 Thceoretical Basis for the Reflectivity and Emissivity of

The objective of this work was to develop a coating for
solar cells, with ontical propertics dependent primarily on matcrial
properties rather than interference phcenomena, which in greatest
degree mects the following specifications: The coating should have
a reflectivity of unity in the ultraviolet to about 0.46 microns, a
transmissivity of unity from this point ito about 1.1 microns, a
reflectivity of unity from this point to about 4 microns, and an
emissivity of unity from this point to about 40 microns. The
locations and relative importance of these cut-otf points are dis-
cussed in detail in the first section of this report.

In order to approach this problem systematically, rather
than simply evaluating a large number of matcrials, it is nccessary
to consider the theoretical bases for the desired properties and to
use these as guidcsvin sclecting materials for evaluation. This
approach will also provide an insight into whether or not it will be
possible to achicve the total objcctive as summarized above by utiliz-

ing only matcrial propertics.

4.1 Transmissivity

Any coating used must have a high transmission from about
0.46 microns to about 1.1 microns. This requirecment limits possible
coating matcrials to dieclectrics and to semiconducting materials having
no absorption band in the desired transmission range. In addition,
in order to kcep front surfoce reflection losces to @ minimum, the

materials should have a low index of refraction.



4.2 Reflectivity

In classical cleciromagnetic theory high absorptivity,
high reflectivity, and anomalous dispersion arc associated with
the natural frequencies of oscillators in any material. A schematic
diagram of the complete dispersion curve for a dielectric material
is shown in Fig. 9, the dashed lines showing regions of anomalous
dispersion. Each region of anomalous dispersion is associated with an
absorption band and an osciliator in the material. The absorption
bands in the X-ray spectral region arise from the natural frequency
of oscillation of the innermost electrons in the atoms; the absorption
band in the ultraviolet from valence electrons in molecules and
crystals; the absorption band in the near infrared from the oscillation
of bound atoms in molecules or crystals; and the absorption bands
in the far infrared and m:>crowave regions from lower frequency
occillations arising from vibrational, rotational, and other complex
modes in the molecules and crystals. The absorption bands in the
ultraviolet and‘in the infrared are of interest here as they relate to
the reflectivity of materials in these spectral ranges, and to the
emissivity in the infrared.

In reagions of strong abcsorntion, materials are opaque,
and any incident radiation is partially rcflected and partially
absorbed. The relationcship between these two effects depends on
the nature of the oscillator resoncible for the absorption. Specifi-
cally, if the oscillator vibrates with little or no dissipation of
cnergy, then strong reflection will result. Thercfore, for the
reflectivity nropertics of coatings desired in this work, it wiil be
essential to {find materials which have strong absorption bands,

with oscillators of the right tyne, in the desired spectral regions.

20.
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4.2.1 Infrared Reflectivity

The reflectivity of dielectric materials in the spectral
region from 1 to 15 microns results from molecular or structural
vibrations, rather than from electronic vibrations as in the ultra-
violet. A gencral idea of the requirements for a material to refiect
in the infrared can be obtained by considering a model of a diatomic
moiecule. The frequency of such an oscillator can be represented

by

=]
where 7 is the wave number in cm. , ¢ is the velocity of light,
f is the force constant of the bond, and i is the reduced mass of the

L - _L,_ 1 Thisrelation shows that the
1 ,ul “2

molecule, given by
frequency of oscillation, and therefore the frequency of radiation
absorbed, is proportional to the square root of the force constant

of the bond, and inversely proportional to the square root of the
reduced mass. Therefore the shortest wavelengths that will be
absorbed will be for cscillators having the lowest reduced mass and
the greatest force constants.

A general survey of the absorntion spectra of materials
shows that absorption related to structural vibrational modes generally
occurs for wavelengths greater than about 10 micrens. For example,
fused silica has strong absorntion and related high reflectivity at
about 8.5 microns. In this case the silicon-oxygen bond is respons-
ible for the high 1eflectivity. Materials with absorption bands at
shorter wavelengths include a number of hydrogen compounds such as
water, many hydrides in which the small mass of the hydrogen is
recponcible, and comnounds such as carbon dioxide and various metal

carbonates in which both the relatively small masses of the carbon



and oxygen and the large force constant of the carbon-oxygen bond
are important. From the materials surveyed to date there appears to
be no possibility of finding a coating matcrial which wili have a

high selective reflectivity in the region of 1-2 microns, and which

will have the physical properties required for the proposed application.

4.2.2  Ultraviolet Reflectivity

The normal reflectivity (R) of a material is related to
the index of refraction, n, and to the extinction cocfficient, ko,

by the expression

Fig. 10 chows this relationship graphically for a theoretical material,
while Fig. 11 chows a plot of the reflectivity for various valucs of

n and ko‘ Therefore, given di roion data and abcorption data for
any material, it is pocsible to calculate the normal reflectivity.

Any material having a sclcctive reflectance in the near
ultraviolet has an absor;tion band ir the region of the desired
reflectance. Since the inde: of refraction vanes rapidly in the region
of an absorpticn band it is therefore possible to make an intial selec-
tion of possible reflecting materials of interest either on the basis of
dispercion data or of abrorption data.

One characteristic of semiconducting materials is that
they show an optical abcorption edge determined by their band gap.
The absorption edge is defined as the point wherc the slope of the
absorntion cocfficient is a maximum. the absorotion coefficient, oK ,

being related to the extinction coefficient, k , by
o

: A falE
}O <A/4n

23.
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It 1s therefore possible to select semiconducting materials which
will show reflectance at selected spectral regions from tables of
band gaps.
Both dispersion data and band gap data have been used
to select pos;.iblc materials for selective reflectivity in the ultra-
violet. In Fig. 12 are shown materials with high dispersion in the
visible and therefore selective reflection in some part of the ultra-
violet. In Fig. 13 the band gap is plotted versus the reciprocal of
the wavelength \and the wavelength of the absorption edge for a
number of materials. The cut-off point desired for high reflection
in the ultraviolet is (.46 microns, and materials with absorption
edges near this such as zinc selenide are most promising. Compounds
shown more than once in Fig. 13 have more than one reported band
gap value.
Materials that are transparent in the range .rom 0. 46
to 1. 1 microns are diclectric materials with indices of refraction
between 1.5 and 4. 1Itis apparent from Fig. 11 that for these
materials an extinction coefficient between |3 and 4 is required
for 60% reflectivity. The optical properties of two possible materials,
CdS and ZnJ, arc known and the reflectivities have been calculated.
These data are shown in Fig. 14 and Fig. 15. The reflectivity is low
and does not show a sharp cut-off at the long wavelength edge.
Electronic absorption does not give rise to absorption
of large enough magnitude to result in high selective reflectivity

as required.

4.3 Emissivity

Most dielectric and semiconducting materials can be

treated as "gray" hodics in that the distribution of radiation as a
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function of wavelength is the same as for a black body but the
intensity of radiation is reduced by a constant ratio for each wave-
length. The emissivity (€) of a body is the ratic of the radiation
emitted by the body in any direction or in all directions to that emitted
by a black body.

Emissivity (€) 1is related to reflectivity (R) by

Kirchofi's law,
Ry = 1-6 ’ (1)
in which the angular dependence of R and € are represented by

the subscript ¢ , the anale of incidence. Combining this with

Fresnel's formula,

R = 1/2 :in';’(¢~7‘ ) 1 cof‘vz(¢*1) )
= ey Se—— L S— 2
sin" (@+X ) cos (@-X)
where
@ = angle of incidence, .
X = angle of refraction

and the expression for the normal reflectivity of a non-absorbing medium

R - (22l t Q

the emissivity may be calculated as a function of @ and n,

assuhing that n is independent of ¢ . This calculation is compli-

(3)

cated, but has been made. The results are shown graphically in
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Lo

fig. 16. The distribution of energy radiated follows Lambert's

cosine law for a black body. The angular distribution of radiation

for "gray" bodies with indices of refraction of 1.41 and 2 are

compared with tha: of a black body at the same temperature in Fig. 17.
The radiation of energy as a function of the angle of

incidence was obtained using the emissivities plotted in Fig. 16.

The ratio of the area under the radiation distribution curve for a

“gray" body to that of a black body gives the total emissivity of the

“gray” body. The total emissivity ( fT) and the normal emissivity

(6¢: 0) of materials with various indices of refraction are shown in

Table II.

TABLE 1II
n 1.0 1.41 2.0 3.0 4.0 5.0
- 1.00 0.92 0.83 0.72 0.63 0.56
T
2=0 1.00 0.97 0.89 0.75 0.64 G.56

These results can be used as a guide in selecting materials for producing
high emissivity, aithough they are not sound theoretically for several
reasons. Equation (1) assumes zero transmission while Equation (3)
assumes complete transmission and also is limited to normal incidence
only. Further, in the derivation it was assumed that n is independent
of @ This is not true, since R = f (#) in Equation (1), and R=f(n)
in Equation (3); therefore n =f($).

If the transmission of a coating is zero, the emissivity of
a composite structure {s determined by the coating alone. If the trans-
mission of a coating is large the emissivity will be determined by both

the coating and the substrate.



FIGURE 16; EMISSIVITY AS A FUNCTION OF ANGLE OF INCIDENCE

(®) FOR NON-ABSORBING MATERIALS WITH VARIOUS

INDICES OF REFRACTION (n)
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FIGURE 17;

DISTRIBUTION OF RADIATED ENERGY AS A FUNCTION

OF ANGLE OF INCIDENCE (®) FOR MATERIAL WITH

VARIOUS_INDICES OF REFRACTION (n)
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Two kinds of coatings for increasing the emissivity

of solar cell surfaces are suggested by these conclusions.

1) Thin Film Coatinas. Thin non-opaque films with
indices of refraction intermediate betwoen the subetrate and air may
be applied to the surface to increase emittance and decrease reflec-
tancc. This will result in a combination having an emissivity intermediate
pbetween that of the cell and of the coating material. However, if a
coating could be nrepared with an index of refraction changing gradually
from that of the substrate to unity, an emittance of one would be

obtained.

2) Thick Coatings. Coatings thick enough to be opaque
or approximately so in the desired infrared range can be applied to
the cells to produce high emittance. The omittance of these coatings
will be determined by the properties of the coatings alone. The glass
cover slides presently in use are an example of this approach. The
optimum coating of this type is one with a minimum index of refraction

in the infrared and without important reflection pecaks in the infrared.

4.4 Summary of the Theoretical Conclusions

The conclusions of the wvarious thecoretical considerations
can be bricfly summarized for cach of the spectral regions of interest.
The primary requirement that any coating must have a high transmittancce
from 0.46 to about 1.1 microns limits pessible materials to dielectrics
and to semiconducting materials having no absorption band in the desired
transmission range.

The absorption and reflection of radiation in the ultraviolet
ariscs from oscillations of bound electrons in the electromagnetic field
of incident light. These electrons are bound in varying degrees to the

atoms or ions of the material and give rise to a low, broad reflectivity
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pecak. The maximum reflectivity expected is less than 0.5 and
the cut-off is not sharp.

In the infrared, from about 1 to about 20 microns,
reflectivity is associated with atomic vibrations within a molecule,
crystal or polymeric structure. The highest resonant frequencies found
are those for light atoms bound to hydrogen atoms, as in water or in
nydroxyl groups, or for bonds between light atoms which have exception-
ally high force constants, as in CO or COZ' However even for such
bonds the highest resonant vibration frequencies correspond to wave-
lengths of 2 to 4 microns. From the foregoing considerations, no
solid dielectric material may be expected to have high reflectance at
the wavelength required, namely 1 to 2 microns.

In the infrared beyond 4 microns a maximum emissivity
is required. The requirements for a single material coating are that the
ccating be opagque :n the thickness used and in the spectral region of
interest, and that 1t have the lowest possible index of refrection. A
low index of refraction in the infrared may be generally inferred from a
low dielectric constant. On this basis many organic compounds,
silicones and certain inorganic compounds will have low refractive
indices in the infrared. The seclection of materials among these must
be made principally on the basis of transmission requirements from 0. 46
to 1.1 microns, of stability in a space environment, and of stability

in air.



5 Experimental

5.1 Thin Film Coatings

As a result of previous considerations the possible use
of thin coatings was considered, with the objective of increasing
emissivity. )

Thin films of several compounds including Mng were
vacuum deposited onto cell surfaces. These were deposited initially
with the expectation that any of these thin films would iricrcase the
emissivity and decrecase the reflectivity of the cell surface. In

addition higher index of refraction films of TiO, were deposited by

2
the hydrolysis of TiClq, both separately and in combination with
vacuum deposited coatings of MQFZ. TiC)2 has broad absorption and

a reflectivity band in the near ultraviolet which overlaps into the
visible.

Initial reflectance measurements showed a general
increase in reflectance for the coated solar cell surfaces through
the visible and necar infrarea. This result was unexpected, assuming
the index of refraction of a cell surface to be at all close to the value
of 3.44 commenly given for silicon. At the same time, c_asisuming
an index of refraction of 3 results in a calculated reflection of 25%,
while the observed reflectance of solar cell surfaces in the visible
is less than 10%. Becausc of these questions the optical properties

of the front surface of solar cells were investigated in more detail.

5.2 Solar Cell Surfaces_

The exnosed surface of a presently produced silicon solar
ccll consists of highly doped, low resistivity, p-type material. This
material is very strongly absorbina and therefore most readily studied

using light reflection techniques.

37.



38.

The previous results using thin films would be expected
if the index of refraction of the cell surface was less than one,
anaiogous to a metal. In this case any transparent, dielectric
coating on a cell would have an index greater than one, and would
increase the surface refiectance. A simple apparatus was con-
structed to estimate the index of refraction of the solar cell surface
at a wavelength of 0. 55u.

The mcthodﬂ used, described by Jenkins and White, (4)
requires measurements of the pelarizing angle for a reflected light
beam. In this method, the principal angle of incidence (5) and

the principal azimutn (¥ ) are measured, and the index of refraction

{(n) and the extinction coefficient (ko) arc computed from the relations

‘v/1+ 2 :sinatangg

=)

k = ntanZiZ.
C

With the simple equipment used the measurements of 5 and ;;
required visual estimates of the maximum extinction of ihe reflected
light beam, resulting in inaccurate determinations of gg and {{/-

ard therefore oi n and :-co. However, typical values found for the
index of refraction were less than one, and were in the neighborhood
of 6.7 w0 0.9.

Subsequently Hall(s)

published cvidence to show that
the index of refraction of the surface of silicon solar cells is also
less than one for wavelengths greater than 1lu. Thin anti-reflecting
films can not therefore be used to increase emissivity in the infrared
beyond I micron. At wavelengths less than 1 micron, Hall's

method for determining the index is not applicable.



These index determinations are important becausce they
show that the reflectance of solar cells in the visible and infrared
can not be decreased by applying a single non-absorbing coating
to the surface. This conclusion results from a consideration of the
cquation for reflectivity

X 2
(n,-n )2+ko
1 2
R = - = 1- €
(n.+ )2+}' 2
n,+n, 1)

When there is no coating on the cell, n2 is unity (in air or vacuum)

and a reflectivity for the cell can be calculated using the index of

refraction, nl, and the extinction cocfficient, }-:o, for the cell

surface. When the first layers of any non-absorbing coating are

apnlied to the cell surface the value of n2 becomes greater than

39.

unity and the reflectivity increases, thereby decreacing the emissivity.

Therefore, it is not noccible to increase emicsivity by modifying the
nroperties of the cell surface using a thin coating. Rather the coating

iteelf must orovide a high emissivity to the coated cell.

5.3 Thick Film Coatings - Gencral Considerations

Thick films as v-ed here are {ilms of thickness sufficient
to provide the desired optical properties because of their own material
prooerties and not only the modification of interfaces. Such a coating
muct be thick enough to he onaque (small transmission) to radiation of
wavelengths from 4 and 40 microns in order to provide the maximum
emissivity of the material.

The transmission is expressed by

-xX X
T = n

where o i5 the absorption coefficient and x is the thickness. T in

this equation is independent of reflections at various interfaces. For
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low transmission it is necessary that the product « x  be large.
However because the reflection of the surface depends on both &
and the index of refraction of the material, a large « will give
rise to large undesirable reflection losses at the surface. The
product «x must therefore be made large by increasing the
thickness x to the order of 1 to 10 mils.

The mnicroscone cover alasses currently being used on
solar cells are thick films. However, as shown subsequently the
emissivity of the glass ic decreased by the anti-reflection coating
applied to the front surface.

The poscibility of using thick coatings of low index
of refraction crystalline materials was then considered. While
compounds such as Litl MQFZ, (,‘o.i—‘z and others have low indices
of refraction and should therefore show low reflection losses and
high emissivity, all show anomalous dispersion curves in the infrared.
This would serve to reduce the maximum emissivity. In addition,
serious difficultics arice in applying adherent coatings of the
necessary thickness, as well as gurstions of over-all environmental
stability. For these reasons further work with this type of coating
was discontinued while other approaches were considered. The
possible use of metal oxides was also rejected for these same
reasons plus the increased difficulty in producing transparent

coatings of the necessary thickness.

5.4 Polymer Coatings

Organic polymers, including silicones, have high emissivi-
ties as a group due to their generally low index of refraction and to
the fact that they do not yield intense reflectivity peaks in the infrared.
These materials would be highly desirable from the point of view of

their emissivity and case of application. However a major question
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with such coatijngs concerns their stability to a space environment,
including dircct solar radiation, the high vacuum in space, electron
and proton bombardment, and resistance to thermal shock.

Scveral studies have been made of various paint compo-
sitions for usc on spacccraft which give a good idea of the relative
stabilities of various polymers. (cf. 6) ‘The results of these studies
showed silicones. in comparison with other organic polymers, to
have excellent st bility when exposed to ultraviolet radiation in a
vacuum. Siliconns also have outstanding oxidation resistance and
thermal stability | as well as stability to high energy radiation.

The stability to high energy radiation can be used as one
guide in the sclection of possible materials to be investigated, since
any coating may be cxpoced to both electrons and protons in the Van
Allen belts, ac well as to extremely high energy protons resulting from
solar flarrs. Many studics of the stability cof polymers have been

. N o . 60 ¥
carried out using recactor radiation, Co sources and clectron

. . 7) . .
beams in accelerators. ( Theoe studies have shown that aromatic
hydrocarbons are an order of magiitude more stable to radiation than

arc aliphatic hydrocarbons. Thic radiation insensitivity has been
ascribed to the resonant structure of the benzene ring which enables
considerable excitation encrgy to be absorbed without bond rupture.
It may cven be considered that loss of an electron still leaves a
sufficient number of bonding clectrons to leave a stable structure.
This protection can cven he extended to neighboring non-aromatic
hydrocarbons if their lowest excited encrgy state is above that of
benzene. Polymers with high aromatic contents are therefore the
most stable to radiation. Polystyrene i the most radiation resistant
of the organic polymers, absorbing about 2000 cv per cross link
formed at room temperature for cither nile, ¥ , or X-ray irradiation.

Most cther organic polymers require one to two orders of magnitude

Jess energy oor cross link or chain rupture.  High phenyl content sili-



42.

cones are comvarable with polystyrene in radiation resistance, due
to the phenyl content, and possess the added advantage of outstand-
ing thermal stability. (Polystyrene begins to distort readily under
load at 80°C.)

The aromatic content of a silicone polymer also contributes
to stability towards ultraviolet radiation. Decgradation {rom ultraviolet
radiation is minimized if the material has a low absorntion, and if a
mechanism other than bond rupture is available for dissipation of
absorbed photons. 1t can be scen from Fig. 18 that Resin XR6-2044
has a very slight absorntion to 0. 3jt,  although all polymers become
good absorbers below 0.25u¢.  Although much of the radiation is
absorbed by excitation of the phenyl grouns and degradation to heat,
the remaining energy oficcts crose linking 1n the polymer.

The cross linking reaction involves orimarily the breaking
of S1-C and C-U bonds. Subrequently the free radicals formed
react to form Si-C-Si, Si-C-C-Si, or Si-Si cross links, with the
ovolution of IIZ or (,‘III;.

However, these reactic do not explain the increased
absorption found in coatings which bave boon irradiated. In the cource
of thic work it was found that prolonaed exoosure of silicone coatings
to ultraviolet radiation usuilly results in the development of a broad
absorntion band centercc in the ultraviolet at about 0. 34u. The
respoasible reaction or mechani~m, or the possible dependence on

impurities, have not been established.

5.5 Evaluotion of Silicone Coatines

['rem the foregoing discussion it was concluded that of
the nossible polymeric coatings, silicones as a group offered the
most promisc of mecting all environmental requirements. From prelimi-

nary measurcments of both transmission and reflectance, it appeared
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that a silicone coating alone should give solrcell performance
equivalert to a coated cover glass, but at a much smaller cost.
The major question concerned stability in a space environment.
A series of evaluation tests was therefore initiated to select the
commercially available silicone most suitable for coating cells
so this could be more exhaustively evaluated.
Resins investigated included Dow-Corning A-4000,
805, 40C, 3980, Q30040, XR 6-2044, 23 and 2-69, and Union
Carbide XR-630, R-620, and C-25. A preliminary evaluation of
the resins was made by applying these to glass slides; rejecting those

hat showed visuali absorption, or that could not be cured to produce

o

firm, tack-free coatings. Additional simple environmental tests
inciuded the efiects of exposure to water and steam, and thermal
shock resistance when coated slides enclosed in an evacuated

tube were quenched from room temperature into liquid nitrogen. Of
the materials tesied the resins XR 6-2044, 805 and A4000 withstood
all of the tests performed. Measurements of the transmission and
reflectance of these coatings showed all to be very similar.

On exposure of these coatings to radiation from a Hanovia,
800-watt, high pressure Xenon arc overnight, it was found that severe
crazing of the coatings occurred, with some visual discoloration. It
was found that identical crazing occurred in the absence of U.V.
radiation 10 samples which were heated to moderate temperatures in
an air stream containing ozone from an electrodeless discharge.
Similar crazing also occurs on heating these coatings at ZSOOC. in
air for times of the order of 1000 hours. These results can be
attributed to fapid cross linking when the silicone resin is exposed
to ozone at elevated temperatures, and to somewhat less rapid cross
linking when heated in the presence of oxygen. These results
emphasize the great importance of rigorous atmosphere control during

ultraviolet irradiation tests.



Information received from Dow-Corning stated that
XR 6-2044 had a high aromatic content, and the optimum combina-
tion of radiation resistance and thermal shock resistance. In
addition this resin was of particularly high purity, which would
minimizc radiation degradation through impurities. This resin was
therefore celected for the initial extended ultraviolet radiation tests
in controlled atmusphere, until satisfactory test procedures were
esteblished.

The recommended curing cycle {or several of these
oatings, including XR 6-2044, required heating to ZSOOC. for
several hours. While heating to this temperature does not affect
the solar cell junction. the electrodes and contacts to the silicone
can be affected, particularly since the coft solder used for electrode
connoctions melts at 18‘306. The initial studics of coatings which
woere cured at ZSOOC. id chow a degradation in cell output which was
traced to increased electrode contact resistance rather than to any
direct effect of the coating. Steps were thercfore taken to lower the
required curing temperature to about 1! OOC., since the curing cycle
for an assembled vanel would have to be below the melting temperature
of the solder.

Tests were run on a groun of nominal 12% cells comparable
to those being used on Rangor nanels. It was found that hcating these
for several hours to the melting temperature of the solder, 18900..
gave no decreasce in power oatput. A curing cycle below this tempera-
ture should thereforc have no effect on cell efficiency.

In order to curc at 15()\)C1. it was nccessary to usc a
catalyst. Several catalysts supplied by Dow-Corming for other resins
were tried with resin XR 6-2044, including one specifically recommended.

* .
This latter catalyst, designated XY15, was found to give the best

je

*This catalyst an orgawic amine of unspecified composition.
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cure in three nours at ISOOC, used in 0.3 weight percent con-
centration. All sample coatings of this resin prepared after the
initial exvploratory tes!s used this catalyst and final cure. Coatings
thicknesses of 10 mils and more were successfully applied by
curing for one hour at 1SOOC. between successive coats averaging
one to two mils in thickness. These coatinas were prepared using

both orush and spray technigues.

5.6 Ultravioletr Radiation Tests

Although some preliminary ultraviolet radiation stability
tests were performed using a hydrogen arc source, all tests discussed
in this report were done using a Hanovia, No. 418 C, 800-watt high
pressure Xenon arc.  This arc was selected because of its continuous
spectirum in the ultraviolet, which is a fair approximation to sunlight,
and because of the high intensity of radiation in the ultraviolet.
Energy comparisons can be made using published data for the Xcnon

*(8) (8)

arc , for sunligkt at the surface of the earth , and for sunlight

(1)

in space. These arc summarized in Table III.

TABLE ITI:  ULTRAVIOLET CHARACTERISTICS OF XENON AR(C

Test Total cncrgy—milliwatts/cm2

Distance

(inches) <0. 4u 0.35
Sunlight, Earth's surface: ———— 4.24 1.18
Sunlight in space: —-———- i3.6 6. 46
Yenon Arc, no filter: 10 4. 05 1. 49
Xenon Arc, no filter; 5.4 13.9 5.12
Xenon Arc, no filter: 1.75 132 48.7

*  The mar.uﬂct";nr has stated that the arc used in this work, No. 418C,
has the same light output as No. 507C1 considered in Ref. 2.



®
Arc energies at different distances have been calculated

using an inverse square relationship, even though the arc has a

cross section area of about l1mm. by 8mm. As a check on the

accuracy of this assumption, a relationship was derived by L.

DeVore to a second order approximation, assuming a line source

of finite length, and assuming the cosine law for the variation of

intensity with angle. This exprescion is

271 ab2

e

in which W is the energy incident on a surface of radius b ata
distance S from the arc, and 2a is the length of the arc. For
sample distances of about 1.75 inches, or something more than
5 times the arc length, this reduces to the inverse square law.

The first extended ultraviolet radiation tests using the
Xenon arc ran a2 total of 117 hours. Resin XR 6-2044, using
XY 15 catalyst and cured at ISOCU, for 3 hours, showed no visible
degradation at the end of this time. The entirec exposure was done
using a Corning ultraviolet transmitting filter, No. 5850, to absorb
infrared radiation from the arc. The samples were located 3 inches
from the arc, and were contained in quartz tubes in a flowing stream
of argon to provide both cooling and an inert atmosphere. Previous
survey runs showed that the equilibrium coating temperature was
about SOOC. with this test arrangement.

' The complete exposure was not done continuously but
was interrupted on numerous occasions because of several failures
of the power supply and starter, as well as to permit examination of
the samples. The total exposure was estimated to be equivalent to
about 7 sun days in space. Howecever, the cstimat‘ion of cquivalent

sun days in space is difficult for several reasons. Any filters that

47.
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are used lose in transmission due to solarization, and it was found
that the Corning filter used in this test decreased in transmission

by about 50% after 60 hours exposure to the Xenon arc. The quartz
sample enclosure also decreases in transmission. Examples of these
cranges are shown subsequently in Pigs. 21, 22, and 24. In addition
the arc manufacturer stetes that the radiant energy output of the Xenon
arc decreascs by 50% in 200 hours under A.C. operation. However,
nothing is known of the change in spectral distribution of the arc
during this time. After 20 to 30 hourc of operation, a slight violet
tint can be seen in the guartz envelope of the arc, Showing.that
absorption bands are being produced in the ultraviolet. All of these
factors result in conside rable uncertainty in interpretation of these
resulits. However, the possibility of analyzing and monitoring the

arc radiation was beyonrd the scope of this work.

Subsequent rects attamted with this experimental arrange-
ment were inconciusive because of inadequate atmosphere control.
New sample cells were then designed in which two quartz windows
onc-inch in diameter »v cne-eighth inch thick were mounted in a
metal cylinder sc thai the space between windows could be kept under
a positive pressure of arcon. This complete cell could be mounted on
the spectrophotomeier to permit transmission measurements without
disassembly, and without affecting the argon atmosphere. The test
coating was applied to the inner side of cne window, the reverse side
of this window being water-cocled during irradiation.

Two of these cells were assembled, with a 3-mil coating
of XR 6-2044 resin in one, and a €6-mil coating in the second. An
irradiation run was made which continued for a total of 246 hours.

Details of this run ar~ given in Table IV.



TABLE IV: ULTRAVIOLET IRRADIATION TEST, XR 6-2044 SILICONE COATING

) 3-mil Coating 6-mil Coating
Duration Distance Arc Age Filter Age Filter Age
# of, of Run- from Arc- at Start- at Start- at Start-
Run Hours  Inches _ __Hours Filter Hours Filter Hours
1 18 1.75 250 (1) ~60 -— -——
2 17 1.75 268 (1) ~78 (1) ~60
3 63 2.5 40 (1) 0 (1) 0
4 46 2.5 103 (1) 0 (1) 0
5 17 2.5 149 (1) 0 (1) 0
6 21 2.5 166 (2) 0 None -
7 64 2.5 187 {2) 64 None -——
Kl) Corning ultraviolet transmitting filter no. 5850, See Fig. 24.

(2) Heat absorbing 1lass, Edmund Scientific Co. no. 4073. See Fig. 25.
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The effects of this irradiation run are shown in Figs.
19 thiough 23 The argon atmesphere was maintained without
interruntion throughout the entire duration of the test and throughout
all transmission measurements on thic assembled cells. Figs. 19
and 20 show the decrease in transmission of the assembled cells
durinyg the course of the irradiation. Figs. 21 and 22 show that a
vory significant part of the loss in ttansmission results from increasing
Hsorpticn of the fused quartz windows and substrates. ) Combining
these curves with those for the transmission of the coatings on the
fused quartz substrates, immediately after disassembly of the cells,
riclds curves for the final transmission of the silicone coatings alone,
corrected for transm ior. losses, as shown in Fig. 23. This figure
shows that no change occurred in the transmission of the 3-mil coating
throughout the entire 251 hours of irradiation. The departure of this
rve from 1009 15 within the accuracy of the measurements; valucs
helow 0.o6u were obtained with the chotomultiplier detector, those
above 0.6y with the thermocounle detector.

Although the transmi on of the 6-mil coating has decrcased
‘onsiderably, the tranami c1on of the assembled cell in Fig. 20 shows
that no changn in the coatin rcurted i the firct 143 hours of
irradiation. These changes began only after removal of the filter.

(Sce Table IV.) Removal of he filter changed three factors, all of
which could contribute to accelerated degradation of the coating. These
include: (1) Additional vltraviolet radiation of shorter wavelengths is
incident on the cell. (2) The flux density in the ultraviolet is increased
significantly.  (3) A large flux of infrared radiation iz now incident on
the cell, resulting in an increase n the coating temperature. This
increase in temperature can be large, since about 75% of the total

radiated onnrgy of a Xenon arc is in the infrared

*

Subsconent anncaling of the quartz substrate fiom the 6-mil coating
25 @ . . : .
ot 2000 Sad at 600 ¢ resulted in a {urther decrease in transmission

of as nuedy as  10¢
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From the experiments performed to date, it is not
possible to determine which of these factors effected the coating
degradation. Additional controlled experiments will be required.

In estimating the total radiant flux below 0.45u4 which
was incident on the cells during this experiment, it is necessary
to know the transmissions of the filters used. Typical curves are
shown both before and after i{rradiation in Figs. 24 and 25. Com-
bining this general information with the arc characteristics and test
geometry, assuming the radiant flux below C.45u from the arc to
decrease by 50% in 200 hours, it is possible to estimate the total
radiant energy incident on the coatings. A figure for the equivalent
sun days in space, considering radiant energy below 0.45u only,
can be calculated by combining this with data from Johnson's curve

(1)

for the spectral distribution of surlight in space. This calculation
resuits in 20 equivalent sur days for the 3-mil coating. For the
6-mil coating, the calculated exposure is 12 equivalent sun days

with fiiters, and an additional 9 sun days without filters.
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6 Reflectivity and Emissivity Measurements

In carrying out this work reflectance measurements
from about 0.3u to 3u were essential to be able to calculate an
absorptivity for coated and uncoated solar cells. Likewise,
reflectance measurements from 54 to 40p were essential to
calculate the emissivity of the same cells. These values
represent the primary criteria for the evaluation of coatings on
solar cells. However, the measurement of these values is not a
simple and routine procedure even with best apparatus developed
today — to the extent that the equipment used in this work had not
previously been used to make measurcments beyond 15u. Because
of this, numerous problems had to be solved in making these

measurements.

6.1 Apparatus and Limitations

A Perkin-Elmer Model 13-U, double beam, single-pass
spectrophotometer was used as the basic measuring equipment.
Fused silica, sodium chloride, and cesium iodide prisms permitted
spectral measurements to he made in the range from 0.2 to more
than 40 microns. Detectors used to cover this wide spectral range
included a photomultiplier tube, a lcad sulfide cell, and a high-
sensitivity thermocouple with a cesium iodide wiﬁdow to permit
measurements in the far infrared.

Two attachments have been used in cggj_t_xigtion with

the spectrophotometer to make spectlral reflectance measurcments.

A Perkin-Elmer Model 205 reflectance equipment enabled measurements

to be made from about 1 to 40u. In this equipment a water-cooled

sample is placed in a "black body" cavity held at a temperature of

59.



750° to 1000°C. Radiation from the walls of the cavity is
incident on the sample from all directions; rays reflected in one
direction nearly normal to the sample surface are directed into
the spectrophotometer. This sample beam is compared with a
reference beam which also originates within the cavity. This
equipment is identical in opecration to that developed by Dunkle
and Gier. (9) ) . o

A Coblentz Hemispherical Rcflcctometer* was used
to make relative reflectance measurements from abcut 0.3 to 1u,
using an end-on photomuitiplicer detector. In this equipment, also
described in Ref. 9, a monochromatic beam is directed through an
opening in an internally silvered hemispherical mirror. This beam
is focussed on a sample which is just offsct from the center of the
hemisphere. Rays reflected 1n all directions including specular
rays are reflected again from the silvered surface of the hemisphere
and brought 1o an approximatc focus at a point conjugate to the sample.
An end-on photomultiplier tube was used 2s a detector at this point.

An cmissivity ap aratus was also obtained from Perkin-
Elmer. This apparatus consists of a furnace and sample mount for
heating samples to 300O Lo GOOOC. Radiation emitted normal to
the surface of the sample can be obcerved together with a reference
beam from the nickel cavity of the reflectance furnace, so that normal
spectral emissivity curves can be obtained directly.

A number of difficultics have been exvperienced in the
operation of these cquipments, and a number of limitations cncountered.
These are discuscsed below, together with experimental results
obtained.

* This reflectometer was kindly loanad by the U.S. Army Engineer
Resecarch and Develonment Laboratories, Ft. Belvoir, Va., for use in
this work.
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Spectrophotometer Operation

Several problems were encountered in operation of
the spectrophotometer due to working in extended spectral ranges
and to using unconventional arrangements in some cases. A high
sensitivity thermocouple with a cesium iodide window ** was used
throughout the work. Tho cutput of this thermocouple was two to
three times greater than the standard instrument thermocouple in
the range of 1 to 15u. This extended the possible operating
range of the instrument using the black body reflectometer source.
With this detector and the sodium chloride prism it was found possible
to operate in the visible range to about 0.5u as long as high resolu-
tion was not required. This saved considerable operating time by
avoiding changing to a lead sulfide detector and fused silica prism.
However, it was found ecssential to use a glass filter at the mono-
chromator entrance slit to avoid considerable scattered light errors
when working in the visible and near infrared. Various runs were
made to compare results in this range using the lead sulfide and the
thermocouple detectors, and the sodium chloride and fused silica
prisms. The resulis were found to generally agree to within 2%. *
Likewise the overlap with the photomultiplier detector at 0.5 to
0.6u generally showed agreement within 2%.

Serious scattered light errors of up to 25% were found
using the CsI prism from 154 to 40t without appropriate filters.
Using an Eastman Kodak No. 245 far infrared filter at the monochroma-
tor entrance decreases scattered light to less than 1% from 15u to
20u, increasing to about 5% at 23u. Using a 4-mil black poly-

ethylene filter plus a CaF, scatter plate decreases scattered light

2
to less than 1% at 23.5u, increcasing to 3% at 35u and 10% at

43u.

* All percentage errors given in this section are the difference between
two percontage values

** Purchased from the Chailes M. Reeder Co., 171 Victer Ave. , Detroit,
Michinan
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Model 205 Reflectometer Or_)eration

This equipment consists essentially of a thick wall,
heaied, cylindrical nickel cavity about 4 inches in diameter
and © inches high designed to approximate a black body. A
water-cooled sample is inserted so as to be flush with the surface
of the top of the cavity, and to make an angle of about 150 with
a line going throuch the center of the bottom of the cavity. Two
exit peams emerge from an opening in the bottom of the cavity and
are used as sources for the double-beam spectrophotometer. One
beam criginates at the sample, and consists of rays reflected by
the sample surface from tne surrounding black body. The second
beam originates from the cavity roof and is intended to be black
body radiation at the same temperature as that seen by the sample.
The analysis and design of this equipment has been described
in the literature. (0 ‘ N
During initial operation of this equipment, it was
found necessary to modity the sample holder supplied in order to
climinate sporadic warer leaks that developed. and that usually
damaged the refiecting surfaces on the initial transfer optics. It
was also found that the water-cooled sample holder, in contact
with the roof of the nickel cavity, cooled the roof an estimated
30 to '4000 below the temperature of the cavity sides. An
extension was therefore added to the sample Holder which raised
the lowermost contact of the sample holder to a point two inches
above the cavity roof, and which reduced the temperature difference
to a few degrees.
Initial reflectance runs on vacuum deposited aluminum
mirrors gave good agreement with the published reflectance in the
range from 1 to 15 microns. However, as the rémge of measurement

was extended with the cesium iodide prism it was found that the
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obscrved reflectance exceceded 100% at about 17u, and apparent
reflectances of more than 200% were observed in the range of

20 to 25u. Similar results were also observed at about the same
time by J. Maclay, using identical equipment at the Jet Propulsion
Laboratory of tic California Institute of Technology.

This difficulty was traced to the fact that the nickel
cavity is a very poor approximation to a black body in this spectral
range. This is shown in Fig. 26, in which the encrgy radiated from
three points on the furnace roof is compared with the energy reflected
Ly a specular aluminum mirror. These data were obtained ucing
the spectrovhotometier in single-beam operation, using the same
optical path for all measurements, and using fixed slit and gain
settings for cach wavelength drum sctting. If the nickel cavity
was in fact a black body all of the curves would be straight lines
very nearly superimposed on the aluminum mirror reference line.

It should be noted that Fig. 26 shows the most uniform
cnergy distribution achieved with this equipment. The details of
these curves arc very sensitive to the alignment of the transfer
optics and to »ositioning of the samnle. By not using optimum
conditions considerable crrors can be introduced into the 1 to
151 region, and beam cnergics varying by a factor of 4 have been
observed in the 20 to 25p rogion. Further, simply rotating the
sample holder also intoduces large variations as the sample looks at
a different portion of the cavity. The share of the energy curves -
has been found ’to vary with the temperature of the cavity.

A possible explanation of these results is that the
three beams from the roof of the cavity alHl cce the opening in the
bottom of the cavity alter only a single reflection from the side wall.
This docs not happen for the soccular mirror cample, since this

looks at the side wall of the cavity noar the junction of the bottom of
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the cavity with succeeding reflections to the top of the cavity.

These results show that it is not possible to measure
the absolute reflectance of a sample beyond 15y using double~-
beam operation.  All runs made in this spectral region were there-
fore done by recording first the apparent reflectance of a vacuum
deposited, specular aluminum mirror, operating double beam,
using this as a 100% linc. The unknown sample was then placed
in the cavity in an identical position and orientation, and the
apparent reflectance run double beam. Data from the sample run
was then reduced using the aluminum mirror run as a 100% standard.
In this way it was possible to use double-becam operation. Data
obtained in this way will be correct if the reflectance of the aluminum
mirror is 100%, if the mirror and sample are mounted in identical
positions, and if the sample is also a specular reflector. Recalling
that this procedure is used at wavelengths greater than 15u, all
three of these requirements are considered to be valid within the
accuracy of the equipment. It has been found that the reflectance
curve of an aluminum mirror coincides with @ normal 100% line
within 1 to 2% from 15 toabout 17u using the cesium iodide
prism. Excellent agreecment with published curves for the reflectance
of aluminum has also been found below 15y using the sodium chloride
prism. ’

Anocther problem encountered in working with this
equipment is that the nickel oxide coating frequently chips off of
large areas of the cavity interior when the cavity is cooled. The
interior of the cavity has been cleaned on several occasions by grit
blasting, sand blasting, and chipping off of the oxide by tumbling.
The cavity was then re-oxidized using slow heating cycles to 750c>
and lOOOOC. In cach case scvere chipping of the oxide occurred

on trying to cool the furnace to ZSOOC. to try to make direct

65.



emissivity measurements. These measurements are not possible
until this problem can be overcome.

In order to make a comparison of results obtained
using different equipments, several samples run at the Hoffman
Scicnce Center were submitted to J. Mdclay at the Jet Propulsion
laboratory. The black body reflectometer used for this work at
J.P. L. was designed and fabricated there, and differs in design
details from the Perkin-Elmer unit. This unit appears to be an
improved black body approximation in the range of 17 to 25u.
The results obtained on a 12% solar cell-cover glass combination
ar» shown in Fig. 27. This figure also includes data mecasured by
Dunkle (9) several years ago on a 9% sclar cell-cover glass
corr‘binatio.n. rrom li to 15u the three curves agrce with maximum
ditfferences in reflectance of about 6%, while the H.S.C. and
] P L. curves agree within 2 to 3% over most of this range.

Bevond 15u differences as large as 10% ‘occur, which can not

be readily explained. In this ranae the II.5.C. curve was cbtained
using a cesium iodide prism, the other two curves using potassium
bromide prisms. Scatterec light crrors, difference in prism dispersion,
and decreasing transmission of potassium bromide beyond 20u cohld
contribute to these differences, but these differences should be minor.
The difference more likely arises from the radiation characteristics

of the "black body" cavities.

In terms of the desired end result, namely the total
emissivity, the difference between the H.S. C. and the J.P.L. curves
from 15.5 to 24u is not large. The value of 0.833 from the
H.S.C. curve is increased by 2% to 0. 850 on substituting the
J.P. L. results in this range. e

Similar differences have been found between H.S.C. and

J.P.L. curves for silicone coated cells and for cells with U.V."

reflecting cover glasses, as shown in Fig. 28.
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Reflectances measurad with this equipment include the
normal specular reflectance plus the normal component of the diffuse
reflectance of the sample. (Although the reflected rays observed make
n anale of 75°% with the surface of the sample. these are considered
to be normal rays for purposes of this discussion.) At longer wavelengths
the dimensions of the surface roughness of the solar cell surface are
less than the wavelength of the radiation and the cell becomes a specular
reflector.  Therefore at these wavelengths only the normal specular
reflectance is measured. It is important to note that in no case is the
total integrated reflectance measured, as is required to calculate the
total emissivity usinc Kirchoff's law. The cmicsivity values calculated
rom the reflectance data measured hers are aporoximations to the

. (3,11)
ormal emissivity

‘oblentz Hemispheic

As mentioned previously this equipment can only be used
to make relative measurements, in which the reflectance of an unknown
cample 1s combvared with a reference standard. This equipment was
wiginally designed and used to nitke measurements in the infrared
using a Golay uetcclor. For the present work an end-on photomultiplicr
detector was substituted, since the equipment can in principle be used
cqually well in the vicibie and ultraviolet snectral regions. The
photomultiplier used, an R.C. A. No. C7297 with an $-5 response, was
conriected directly into the power supply and rccorder circuits of the
spectrophotometer. The reflectometer proper was mounted, with
appropriate transfer optics, so that the exit slit of the monochromator
was focussed on the sample. The sample holder was modified to

permit alternate viewing of three samples, each being mounted at an
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0 C

angle of 15 to the incident beam, as in the black body reflectometer.
Al runs were made using both a specular aluminum

mirror and an aluminized solar cell as reference standards. All mirrors

N

used in this work, as well as with the black body reflectometer, were
specially prepared to obtain coatings of maximum reflectivity. (12)
These were vacuum denosited onto substrates cleaned by glow discharge
bombardment, at prescures in the IO—Smm. range, using very rapid
deposition rates Deposition times reauired were approximately 2
seconds. Polished alass substrates were used for all specular mirrors.

During the initial runs made with this equipment it was
found that the relative reflectance of samples changed greatly as the
voltage applicd tc the hotonmultiplier was varied from 450 to 800
volt: It was found possible to eliminate this voltage dependence
wit-h the uce of a diffusing coating of magnesium oxide smoke about
1 mm. thick deposited onto the cnd of the photomultiplier.

A major problem in attempting to uce this equipment was
in the sclection of reference standards to be used. This problem was
made more difficult by the fact that the coated cells tead to be
specuiar retlectors and the uncoated cells diffuce reflectors.

In an cffort to duplicate the angular dependence of
reflection for solar cells, aluminum was vacuum depasited on cells
as well as on polished glass substrates, to provide two reference
standards o
The observed reflectance of an aluminized, 12% solar
cell, with recpect to a specular aluminum mirror, is shown in Fig. 29.
Additional curves are shown for a 129 solar cell with respect to both
the spccular mirror and the aluminized cell.  No correction has been
applied for the reilectivity of aluminum. The minimum in reflectance
of the aluminized cell at 0. 26 is characteristic of all cells run,

and is not found in cveccular rellectance curves for vacuum deposited
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(12)

aluminum given by Hass. This may result from the deposition
of the aluminum at angles other than normal to the surface, which
is known to affect the appearance of aluminum deposits. However,
the two reflectivity curves for the 12% solar cells agree within
1% to 4% from 0.3 to lu. These two curves can be considered
as limits for the reflectance of the cells.

For comparison, Fig. 30 shows results cbtained for a
silicone coated cell using the Coblentz hemisphere, as compared
with results on a similar sample obtained using an integrating sphere.
It can be scen that spectral refiectance values from the latter curve
are very nearly midway between the two curves obtained using the
hemisphere.

Reflectance curves used subsequently for calculations
of absorptivity have been taken as the average of the curves obtained
using the two reference standards, except in the case of the U. V.
reflective cover glass where the specular reflectivity of the sample
required a specular mirror reference. These curves are shown in

Fig. 31.

6.2 Experimental Results

Reflectance curves from 0.3 1o 1. 1lug are given in
Fig. 31 for several Hoffman 120 CG, 12% gridded cells. Results
are given for a bare cell and for cells coated with silicone, with a
cover glass and with a U.V. reflective cover glass. These data
were measured usfng the Coblentz Hemisphere, and are the data used
for subsequent calculations of absorbance.

Typical reflectance curves are shown in Figs. 32 and 33
for a similar group of cells from 1lu to about 40u. All the data in
Fig. 32 were obtained {n March, 1961. The data from 1lup to 15u

in Fig. 33 were obtained in February, 1961; those from 15u to 40u

72.
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