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FOREWORD

Continuing its interest in the photovoltaic area, the Interagency

Advanced Power Group (IAPG) has published for the third time the

proceedings of the Photovoltaic Specialists Conference. The content of

these proceedings - a significant part of the information exchange

activities of the IAPG - is of particular interest to members of its

Solar Working Group.

This conference, the fifth of its kind, was cosponsored by _]EEE,

AIAA_ and the NASA-Goddard Space Flight Center. Facilities for meetings

and other arrangements were the responsibility of NASA-Goddard.

Presentations are included in the order in which delivered at the

conference and were prepared from papers submitted to the Power Infor-

mation Center (PIC) through the IEEE. Where papers have been authored

by more than one person_ cover sheets bear the name of the person who

actually gave the presentation.

Presentations are arranged in three volumes and five sections

reflecting the arrangement of the conference into three days and five

sessions. Contents of the volumes are as follows:

Volume I - Advanced Solar Cells

Volume II - Thin Film Solar Cells and Radiation Damage

Volume III- Solar Power Systems Considerations

Transcriptions of the discussion periods following each presenta-

tion were prepared by Mrs. Marion Beckwith of Mr. Cherry's staff at

NASA-Goddard. This effort is acknowledged as an important contribution

to the proceedings.

Inclusion of a paper in these proceedings in no way precludes later

publication in professional society journals.

L
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Introductory Remarks

by

John W. Townsend, Jr.

Deputy Director

NASA-Goddard Space Flight Center

Greenbelt, Maryland

ITd like to bid you welcom_to the Goddard Space Flight Center on

behalf of its management. Unfortunately, Dr. Clark is otherwise occupied

this morning or herd be here in person.

As many of you may be aware, Goddard is the NASA center that is

primarily responsible for the unmanned earth satellites. J_L has the

basic responsibility for deep space missions; Marshall for boosters; and

Houston for the manned flights. Normally, I would probably end this

welcoming address with a few more glorious words about our Center, but

to this group I think l'd like to say a few more words because I think

it's particularly appropriate that a meeting such as this is held at

Goddard.

As you know, we're one of the largest customers for photovoltaic

devices, particularly solar cells, and from my position, I have noted

through the past several years several things that I think are of

interest and directly pertinent to you. In the first place, we have a

continuing problem in radiation damage to solar cells in orbit. We have

gotten something of a handle on this problem and we can predict such

damage better. We have also developed some cells that are most resistant

to this type of damage. However, it seems to me that there's a lot of

work that remains to be done in this area.

The second thing that I've noticed is something I think is of very

great interest to you, since I will assume that the people in this room

would be partial to photovoltaic sources of space power as opposed to

batteries and nuclear energy. This is the fact that we seem to be

facing a very fundamental Costacle, in at least our ur_ar_ed spacecraft,

at about the one kilowatt power level. Specifically, as you know, we

have solar arrays on many of our satellites that will provide approxi-

mately a thousand watts in orbit, or at least they will in the initial

portion of the satellite lifetime. I think these arrays have gotten

just about as unwieldy as they're likely to get for mechanical reasons

and fo_ reliability in deployment. In other words, I think we've gone

just about as far as we can in creating giant arrays in space. You can

always go one step further in almost any development--but I think most

of us are pretty horrified now at the type of device we have to deploy.

It is also true that most of the proposed nuclear power systems are very

complex, involving not only the usual difficulties of handling radioactive
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materials (which in certain cases mayactually be a small nuclear power
plant), but one must have a large radiator in space to dissipate heat and
a closed-loop system of somesort involving a generator. This device
itself will be frightening to deploy in space, and there are all sorts of
questions concerning micromete0rite hazard as well as direct damageto
componentson board the spacecraft caused by radiation from the power
source. So I have n_ own personal doubts that this type of power is going
to be very feasible, particularly on unmannedmissions. Now, the manned
people are still getting along, as you know, with batteries and fuel cells,
and for the foreseeable future their demands,which are high power for
relatively short periods of time, can be taken care of. But for the
unmannedmissions, l'm quite concerned. If you talk about direct broad-
cast satellites or someof the advanced applications satellites, such as
large communications repeaters, navigation satellites, things of this
nature, we're going to need more power than a thousand watts, and for a
much longer period of time. It seemsto me that the answer here is going
to be in your laps, in that we need greatly increased efficiency or new
technological '_reak-throughs", so there is a lot of room for fruitful
research° If we could get a factor of two (which doesn't seemtheoreti-
cally impossible) increase in efficiency, a solar cell's going to be very
reasonably competitive throughout the next decade. If, on the other hand,
our efficiencies stay at the levels that they do and the power demands
continue to increase, solar cells are going to be on their way out, I
think. So_ with that philosophizir_, I'ii turn you back to your chairman.

Again, welcome. We're very pleased to host you.

ii
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WRAP-AROUNDCONTACTSOLARCELLS

K. S. Ling and J. M. Toole
Radio Corporation of America

Special Electronic Componentsand Devices
Cres%woodRoad

Mountaintop_ Pennsylvania

A portion of the work reported here was performed under NASAContract
NAS5-3812. The objectives of the contract were to develop a silicon solar
cell with a wrap-around contact_ and to develop a module by bonding wrap-
around cells on a printed circuit board. A wrap-around cell is one with
both N and P contacts on the inactive surface of the cell. A diagram of
the cell which was finally developed is shownin Figure i. The dimensions
chosen for the cell were purely arbitrary_ and can be modified as required.
The N surface has six grid lines. On the back side of the cell are the
two contacts; the strip at the top is the N-contact. A picture frame is
used around the P-contact to eliminate the need for edge cleaning.

A brief outline of the fabrication process for conventional cells
is as follows. Manyof the essential but nonfundamental steps are omitted.

i. Diffuse phosphorous to produce the N-layer in the P-type silicon.

2. Acid etch the N-layer from the back of the wafer.

3. Evaporate titanium and silver for the negative and positive
contacts.

4. Sinter in hydrogen.

5. Evaporate an antireflective coating of silicon monoxide.

6. Inspect for mechanical dimensions and test for electrical
output.

The only deviation from the standard procedure in making a wrap-
around cell is the addition of a masking operation prior to etching the
back of the wafer. The N-strip along one edge of the cell is preserved
by masking it with a sprayed wax layer prior to the etching operation.

A new fixture had to be designed and fabricated for the evaporation of
the contacts since titanium and silver must be evaporated on both sides of
the silicon wafer_ and also along one edge of the wafer so the N-contact
can be brought around to the back side of the cell. The fixture designed
was similar to a rotisserie. It rotates inside the evaporator so that the
front side_ the back side_ and one edge of the wafer can be evaporated
continuously. The sameprinciple can be adopted for the conventional cell

A-l-!
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and reduce the pumpdown cycle from two to one. The jigs that hold the
silicon wafers have one side machined away to expose the edge of the wafers
for evaporation. Each cavity of the jig is individually spring loaded to
accommodatethe variations in wafer thickness, and to prevent the wafers
from moving around in the cavity. Cells have been fabricated using wafers
varying in thickness from 0.007 to 0.017 inch. The process of evaporation
is identical to that of conventional cells.

Since both contacts are on the inactive surface of the cell, a special
test fixture is necessary. Figure 2 illustrates the construction of such
a test fixture. The usual features such as independent current and voltage
measuring points and vacuumhold downare incorporated. Not shownin the
diagram is a bakelite strip which divides the block into two. This is done
to insulate the negative and positive contacts. The fixture is mounted on
a thermoelectric cooler for temperature control.

Table I provides data on the electrical characteristics of 2 by 2
centimeter cells produced in the mannerdescribed. The test conditions
f0r these data were one hundred milliwatts per square centimeter - tungsten
illumination having a color temperature of 2800° ± 50°K, a filter of three
centimeters of waterj and the temperature of the cells was 25°C. If cell
3A is thrown out as not being typical because of a high series resistance,
as exhibited by the large drop-off in current from zero volts to 0.460 volts,
then the air massone efficiencies at 0.460 volts range from 13.0% to 14.1%.
This corresponds to an air mass zero spread of 10.8 to ii.7 percent greater
than that available from conventional cells because of the increase in active
area gained by locating the N-contact on the back side of the cell. These
data are representative of what could be expected in a production run of
these devices. In general, the I-V characteristics are well shaped, and
the temperature coefficients of open circuit voltage, maximumpower point,
and short circuit current are the sameas conventional cells under a tung-
sten source.

As with any device to be used in space application, reduced weight is
a prime consideration. Wrap-around cells have been fabricated from very
thin wafers - 0.006 to 0.008 inch thick silicon. These thin cells maintain
good efficiencies while drastically reducing the weight. On a large solar
array, a reduction in weight of thirty to forty percent as comparedwith
conventional cells, is quite an attractive savings if it is not at the cost
of reduced power.

In an effort to determine the effects of damaging radiation, several
wrap-around cells with a nc_inal thickness of 0.007 inch were exposed to a
flux of 2 x 1015 (i Mev) electrons per square centimeter. At the sametime
several cells of the nimbus variety were exposed to the samedosage of i Mev
electrons. Thesecells were 2 by 2 centimeters having a base resistivity
of 1.2 to 2.0 ohmcentimeter; solder dipped, and a nominal thickness of
0.017 inch. The thin wrap-around cells had a base resistivity of 1.2 to
2.0 ohmcentimeter; however, they were not solder dipped. Both types of
cells were coated with silicon monoxide, and all cells had a uniform

A-I-2
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coating and appeared to be of the samecolor. The cells were sweated on
Kovar blocks, and I-V characteristics and spectral response were recorded.
The I-V characteristics were measuredusing the RCASpaceArc and the
following were the test conditions: intensity - 139.6 milliwatts per
square centimeter, cell temperature - 28°C. An airplane flown standard
cell was used to calibrate the intensity. Table II represents the data
for this test. In the first columnthe prefix WAis the designation used
to represe_ a wrap-around cell; while N is the designation for a Nimbus
type cell. The second column headed "Isc" is the short circuit current
prior • to irradiation, and the third column headed "Isc" is the short cir-
cuit current after bombardment. The fourth column headed _Isc is the
difference of the short circuit current before and after irradiation.
The fifth column headed "% change" is the degradation in short circuit
current expressed in percentage. For the carbon arc data the average
percent change for the wrap-around cells was 18.9 percent comparedto
an average of 22.7 percent for the Nimbu_ cells. Thus the thin wrap-
around cells offer an improvement in radiation resistance of about four
percent. Table III provides data for tungsten measurements.

It would appear that cells fabricated from thin wafers are less snscep-
tible to damagefrom i Mev electrons. Admittedly the sample size is small,
but the trend is quite evident. Thedifference is easily explained. _ne
base region of the solar cell is responsible for generating that part of
the response which is the greatest in the red. Since it is the loss of
response to the red that is causedby radiation a thin cell should offer
an increase in radiation resistance. If one were to comparecells fabri-
cated from a thin wafer and one, say, twice as thick, then the latter
should have the greater response in the red. This is the case as shown
in Figure 3, which is a comparison of normalized relative response between
the thin wrap-around cells and the_imbus cells. Each curve is an average
of the type of cell it represents. However, the spectral response of the
four wrap-around cells were nearly identical, as were the responses of each
of the Nimbus cells. This being the case, Figure 3 offers a complete com-
parison between any one of the thin wrap-around cells with any one of the
Nimbus cells. The thin wrap-around cells peak at 0.81 microns while the
Nimbuscells peak at 0.88 minrons. In every case then, the thicker cell
has a greater response to the red wavelengths. As would be expected, any
attempt to decrease tb_ cell's thickness results in a certain loss in con-
version efficiency, and a compromisemust be madebetween increasing radia-
tion resistance and decreasing initial efficiency. A study should be made
to adjust the parameters for optimummission requirements.

As was previously mentioned, the development of a module fabricated
with wrap-around cells was also an objective of the contract. The cells
were mounted on a printed circuit board the constr_etion of which is shown
in Figure 4. The board was a flexible, epoxy filled, fiber glass material
with copper conductors bonded to it. Of course there are manymaterials
and configurations which can be used for the board and the metal conductive
strips.

A-I-3
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The moduleswere constructed by jigging ten cells simultaneously in
position over the metallic strips that were part of the board. The assembly
was then placed on a hot plate and the N and P connections of each cell were
sweated to the proper connection strip. Thus all connections were madeat
one time. Tables IV and V provide data on the electrical characteristics
of modules_ constructed as described, and measuredunder a tungsten source
at 139.6 milliwatts per square centimeter and 25°C, before and after comple-
tion of twenty-five thermal cycles from -78.5°C to +60.0°C. As with the
cells_ I-V characteristics were well shaped and temperature characteristics
were as expected.

Figures 5 thr_agh 8 show possible variations in the construction of
modules and shingles. Figure 5 showsa front and rear view of a module
constructed on a circuit board. Figure 6 showsa front and rear view of
a series connected module constructed on a circuit board. Figure 7 shows
a front and rear view of a module constructed with metallic interconnecting
strips. Finally, Figure 8 shows a front and rear view of a series connected
module constructed with metallic interconnecting strips.

In summary_then, wrap-around solar cells are quite feasible as are
modules fabricated from them. The cost of wrap-around cells compares favor-
ably with cells of conventional design_ and on a long production run where
tooling costs can be absorbed, costs are nearly equal. The benefits to be
gained by using wrap-around cells are a five percent increase in output
power and the possibility of using easier module fabrication techniques.
Wrap-around cells have undergone environmental tests and sufficient data
exists to assure any potential user of their reliability. There are,
however, a few points where this configuration represents a disadvantage.
Since both contacts are on one side of the cell_ after they have been
bonded to a circuit board, inspection of the solder joints becomesa
problem. In the event replacement or rework on a panel is necessary_
it is possible to remove cells without any difficulty_ but resoldering
and inspection maybe problems. Theseproblems are definitely not
insurmountable and appear as problems since there has been no real ex-
perience in using them. The answer to these problems will have to come
with increased usage.

Special acknowledgementis due Charles Oneskofor the fabrication of
evaporation jigs, test fixtures, and processing of all wrap-around cells.
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Discussion

Toole - RCA: If you have any questions, Mr. Ling, my associate, will be

very happy to answer them.

Schach - GSFC: Did you try fabricating thicker wrap-around cells? I was

curious to see the slight increase in efficiency - it's rather puzzling.

Lin_ - RCA: No, we haven't. We only trie_ thinner ones.

Schach: Do you expect that the thinner cells should show higher efficiency?

Is this quite real or somewhat...

Ling: No 3 slightly lower. We find the thinner 2 by 2 cm cells are
probably between 4 to 6 mil lower than the thicker cells.

Schach: The data you presented showed a slight increase in efficiency,

didn't it, in comparison?

Ling: No.

W. Ratcheson - Boeing: Were you able to evaluate with the few numbers of

samples you had w_at the additional handling problems might be with these

thinner cells? Are they very easily broken when you attempt to form

modules from them?

Ling: Not as bad as we thought. Recently we Just made 200 thin cells for

JPL----andthe breakage is quite negligible. We didn't have much breakage at

all. But certainly you have to be more careful in handling them.

Ratcheson: What average efficiency air mass one did you get with the thin

cells - 6 to 8 mil cells?

Li : Six to eight mils - we were getting average about i00 milliamperes
_6 volts.

Ratcheson: Thank you.

Yuen - Naval Research Lab: Mr. Toole mentioned about the flexibility of

the cell. What is the radius you could bend it to?

Ling: We never tried - we don't know. It actually bends. When we

performed a peel test to evaluate the contacts, we soldered a wire to the

contact, then the cell is held into a tensile fixture, then we pull on

the wire. We can see the cell actually bend.

Adams - Ball Brothers: I'd like to know if you used or considered using

lO ohm cm cells for your radiation type studies since they seem to be

better for radiation purposes - rather than the 1.2 ohms?
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Ling: Onthe wrap-around cell we have not used i0 ohmcells - only i ohmcm
cells•

Adams: Why?

Ling: Well, we madethe cell under either purchase order or contract and
at that time there were no specific requirements for i0 ohmcm, and we
happenedto have i ohmcmmaterial on hand, so we used the low resistance
material.

Adams: Another question: I wondered if or why the test values or the
test results seemto be higher after the thermal shocks or thermal cycling
on the test modules. You had ii% average instead of 10.9.

Ling: That would be due to the measurementerror; since we used the
tungsten light source with only one light bulb in the center, each time
you scan the area over test area_ there's somevariation.

Adams: OK. Thank you.
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DEVELOPMENTOFEPITA_XIALSTRUCTURES
FORRADIATIONRESISTANTSILICONSOLARCELLS

WoR. Runyanand Earl Go Alexander
Texas Instruments Incorporated

Dallas _ Texas

Several years ago WolfI suggested that the use of built-in electric
fields in solar cells would lead to higher efficiencies for a given carrier
lifetime_ or conversely_ would makecells of a given efficiency with life-
times less than would otherwise be required. Since one of the main effects
of high energy particle bombardmentof solar cells is reduction of lifetime_
it follows that these samebuilt-in fields might very well be used to
enhance the performance of solar cells after they have been radiated by
high energy particles. Simple theory states that the optimum concentration
gradient is one which gives a constant electrical field_ i.e., an exponen-
tial_ with the lower limit of impurity concentration being that of the
intrinsic semiconductor and the higher limit being that of the solubility
maximum. In actual fact_ because of the decreasing mobility as the impurity
concentration increases_ there is an optimum field which can be generated.
It also develops that the lower limit of concentration cannot be reached.
This is due not only to the difficulties in obtaining very pure materials_
but also because the space charge region from the junction required in a
solar cell. will moveout until the concentration at its edge is approxi-
mately 1014 atoms/cc.

It further develops that although the exponential is the ideal distri-
bution for optimum field, the sameresults can be very closely approximated
by using a co-error distribution function. This, as will be seen later_
considerably simplifies the actual construction of impurity gradients
required to give these fields. The present work will be divided into the
following sections:

"i. A survey of calculations of the optimumconcentration gradient
based on optimizing cell performance by maximizing short-circuit
current. (Note that this is an over-simplification since total
performance also depends on cell voltage.)

2. Howbest to obtain these concentration gradients.

3. Howto measure the concentration grsdients in order to determine
if they are actually as desired.

4. A brief description of cell fabrication.

5. __netest results.

Since the radiation experiments are not yet completed this final section
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will be comprised primarily of initial test data with only a few radiation
results being given at this time.

Calculation of Optimum Concentration Gradient

As a first approximation to the solution of the optimum solar cell

field_ consider the requirements for minimum transit time across the base

of a transistor. When minority carriers are injected on one side and

collected at the other, there is a constant distance for the carriers to

traverse. In the case of solar cells this, of course, is not true. The

carriers are generated throughout the bulk of material, depending on the

wavelength and the absorption coefficients in question. Following
Varnerin-_ we may define the base transit time t as the ratio of stored

charged Qs to the emitter current Ie. Now if a one dimensional structure

is considered_ this can be expressed as:

wt :- 0 nd-x
a (1)

where q is electronic charge, w is the base widthj and J is the emitter

current density. If the case is considered in which electrons are injected

into a p-type base, the current density is given by:

: + @n (2)
dx

where D is the electron diffusion coefficient, _ the electron mobility
and E in the electric field seen by the electrons," The electric field is

given by:

_, = Z_T d l_ A (3)

q d.x

If the transit time is computed from this set of relations and a constant

mobility_ curves i and 2 of Fig. i result. If, instead of constant mobility,

the values are computed using Irvin's resistivity versus impurity concen-

tration data3_ the other curves of Fig. I are obtained. From this it is

seen that because of the decrease in mobility at high concentrations there

is indeed an optimum field and that it can be produced by only two or

three orders of magnitude change in doping level. Because exponential

distrfbutions are rather difficult to obtain experimentally and co-error

f_nction distributions often result as a natural consequence of diffusion,

the differences that might occur between a co-error and exponential distri-

bution were examined and found to be minor.

In a solar cell the conditions are somewhat more complex than those

just considered° If the base region of an n on p cell is considered, the

electron current is again as given before. It is_ however, necessary to

include both generation and recombination. In steady state for the p-type
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base region the continuity equation becomes:

i dJ n + G = o
q dx T

The generation term G(x) is given by:

okg C_(X)_ (k) e-C_(k)Xdk (6)

where _(k) is the absorption coefficient at a given wavelength. @ (k) is

absorbed photon density at a wavelength X, and k_ is the wavelength corres-

ponding to the band gap of the s_lar cell materig_l. When this more
complicated case has been solved _, it is seen that there is an optimum

field width which turns out to be roughly twice the diffusion length for

the shorter lifetimes. This is shown in Fig. 2. The width of the field

is in all cases as significant and in some cases more important than the

magnitude of the aiding drift field once a certain minimum field has been

reached. The field generated by a three-order-change impurity concentra-

tion across the width w is sufficient to optimize collection efficiency

if the proper width is employed. When the lifetime is related to the

integrated flux density, the short-circuit current versus total flux can

be computed and gives the curves of Fig. 3.

That these results are to be expected may be intuitively seen from

the following reasoning. First assume that all carriers that are generated

closer to the junction than a diffusion length L will be collected, while

any carriers formed further away than L will recombine before reaching

the junction. If a field is now superimposed between xI and x2 of Fig. 4

no improvement in collection efficiency will be observed if xI is greater

than L, since all of those carriers originating beyond L will still recombine

before arriving at the junction. For xI and x2 both less than L, some
improvement will be observed. But even if the transit time across the

distance xI and x 2 were 0 and if xI were at x = 0 and x 2 = L, the maximum
number of carriers collected would be those generated between 0 and 2L

from the junction. Reference back to Fig. i shows that a drift field

can be expected to reduce the transit time by about 2.5 in optimum case.

Therefore, x2 can be removed out for a distance of 2.5L and provide enough

velocity enhancement to collect everything generated within that space.

Now if the same spacing of 2.5L is maintained and both xI and x2 were

moved a small distance _Laway from the junction, any carriers originating

between 2.5L and 2.5L + _L would have to travel in excess of 2.5L to

reach the junction, and with a portion of that distance without benefit

of the built_in field. Since the greatest distance the carrier could go

even with the field is 2.5L, it follows that repositioning the field to

start between 0 and 2.5L will only reduce the number of carriers collected.

Thus the maximum effectiveness of the field occurs when it starts at the

junction and ends, for the specific case considered, 2.5L away. This

result agrees well with that obtained from the rigorous derivation.
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Methods of Obtaining Concentration Gradients

Having now established some guide lines as to the sort of distribution

required, both with regard to the orders of magnitude at each end of the
distribution and to the width of the built-in field, methods of obtaining

these fields will now be examined.

Diffusion can be used to produce the required concentration gradient

only if the diffusion progresses from the back side as illustrated in Fig. 5a.

For normal thickness cells, such diffusions require extraordinarily long

times, so thinner cells; even with their attendant difficulties, are required

for this approach. A combination of compensation and diffusion from the

front (see Fig. 5b) can in principle be used, but mobilities are greatly

reduced and control is difficult.

Epitaxial deposition can also produce the grading and indeed seems

the most suitable for this application. The dope may be programmed during

deposition or a high resistivity layer may be deposited on a substrate

and, by subsequent diffusion from the substrate_ be converted to the proper

resistivity. These two methods are illustrated in Fig. 5c and 5d. Because

of difficulties in dope monitoring and control, doping variations during

epitaxy usually do not directly produce the curve of Fig. 5c, but rather

approximate it either by a number of jumps as shown in Fig. 6a or by a

few straight line segments as shown in Fig. 6b. They are then smoothed

by an additional diffusion. Note that in these two curves, the concentration,

and not log concentration; is plotted as a function of distance.

After surveying these methods it appeared that deposition of constant

impurity level material and subsequent diffusion offered the greatest

reproducibility_ and in the event that the performance of drift field

cells were good enough to warrant commercial production, would lead to

the least expensive process. This approach does give a co-error distri-

bution rather than an exponential, but recall that the analysis indicated

very little difference in the behavior of the two.

Measurement of Gradient

The substrate concentration levels were determined by combination of

four-point probe resistivity measurements and Irvin's curves relating

concentration gradient to resistivity. The concentration of the deposited

layer was in general determined by three-point probe breakdown test measure-

ment. The concentration gradient itself could only be determined by calcu-

lation from the initial conditions and the amount of diffusion in the case

of cells actually fabricated and shipped. On the other hand, various

destructive tests are available for measmring the concentration gradients.

These will be summarized in the next few paragraphs.

If a small, abrupt-junction diode is made on the surface and the

junction capacitance measured as a function as the applied voltage, the
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impurity concentration can be determined. However_ for the cases in

question_ gradients extend to such depths and the resistivities are so

low that avalanche breakdown occurs before the space charge region can

be moved through the graded region. This method may still be used_

however_ if first steps are etched into the surface as shown in Fig. 7

and diodes then made on each one. Thus if the depth of each step is

no more than the width of the space region at avalanche breakdown_ by

profiling each diode a section of the total concentration profile may

be obtained and the sections can then be combined into one continuous

curve.

The measurement of sheet resistance as thin layers are incrementally

removed from the surface has been long used in the determination of

diffusion concentration profiles. But in this case the high concentration

portion of the material is that below the surface_ so that if small

sections of the high resistivity material are removed_ it is impossible

to observe any difference in the measured resistivity. Accordingly if

this scheme is to be used_ lapping must proceed from the backside of the

slice rather than from the front. In the standard process this would

mean that up to 12 mils of material would have to be removed in a very

parallel fashion before measurement could start only a half a mil or

so from the front surface. This process has been modified 5 by making

an angle cut as shown in Fig. 8 and then by using a close spaced four-

point probe, measurements can be made down the slope. From these,
resistivities are calculated in the standard fashion.

Cell Fabrication

Two processes were used in constructing the cells. In one of them

the standard 1 cm by 2 cm rectangular epitaxial slice was processed in

the normal way. Unfortunately, as a result of the epitaxial layer the

silicon blank grew_ not only in thickness, but also in lateral dimensions

because of deposition on the edges. In addition_ for very thick deposits,

the edges became rough where the slice was separated from the epitaxial

reactor susceptor after deposition. All of these slices required a rather

laborious edge lapping operation to remove the roughness and decrease the

lateral dimensions. In most cases slices subjected to this operation were

undersized when ready for faOrication. Frequentiy_ excess metal from ti_

contact evaporation step would remain on the edges of the cells after

fabrication and thus partially short the structure.

This method was abandoned in favor of process II in which round

epitaxial slices were processed through contact application and then were

trimmed to a standard size, after which a SiO coating w_s applied. The
use of this method_ similar to that used by Smith et al_, effectively

removed most of the difficulties associated with the first procedure.

Initial Electrical Data

Table I describes the various categories of cells included in this
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study. In brief, drift fields from 6 to 75 microns, maximumlayer resisti-
vities from i to 25 ohmcm, and differences in concentration between front
and back of field from 2 to 4 orders of magnitude were examined. All cells
were i by 2 cmwith maximumefficiencies (2800°K tungsten, air mass one)
before irradiation between 5.5 and 12.7_° Table !I lists the specific con-
ditions used for the cells fabricated by Process II (and which are believed
to be more reproducible than the remainder, which were processed by Proce-
dure I).

Fig. 9 _howsthe short-circuit current distribution before irradiation
for these cells. As predicted by Fig. 3, the short-circuit currents of
Groups I, ii and III are less than those of most of the groups with the
2 order of magnitude field. However, the two order field optimized for a
muchshorter lifetime (Group VII) than the others was also a poor performer.

Irradiation Data

The current degradation after irradiation was plotted as a function

of initial layer resistivity (after the drift field forming diffusion, this

resistivity occured only very close to the junction) and behaved similarly

to nondrift cells. This is shown in Fig. i0 and shows clearly the superi-

ority of higher resistivities.

Typical short-circuit current versus total flux data are shown in

Fig. ii. In attempting to analyze and correlate these data with theory;

little progress was made until the graph of Fig. 12 was made_ It plots
fraction of cell current remaining after a total flux of 1016 electrons/cm _

versus initial current and leads to the conclusion that, while the per-

cent degradation wildly varies with the cell_ the magnitude of the final

currents of the best cells is remarkably constant. This is to be expected

from the following argument:

Suppose that the minority carrier lifetime T is given by:

i i
-=-+K_
T T

where To is the initial lifetime, K an appropriate constant and 8 the inte-

grated flux density. If the origin_ To were 10 -5 sec, K = 3°2 x 10-9 cm2/

sec for i mev electrons ± and 8 = i0 -_ electrons/cm 2, T is approximately

0.03 microseconds, a reduction of 330 from the original. On the other hand,

if the cell were initially very poor and had a lifetime of only 0.I micro-

second_ the final lifetime after irradiation would be _ 0.025 microseconds,

or a reduction of only 4 from the original low value, and very close to the

final value of the previous example. This is in agreement with the data

for the best cells of Fig. 12, which showed that although the starting

short-circuit currents varied widely, the final were quite close to each

other. It thus becomes clear that in order to properly assess and compare

cells, it is important to know something of their initial quality. One

can then plot the simple curve of _:ig. 13. If the cell is initially bad,

there will be no noticeable degradation, but as the beginning cell quality
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improves, the reduction upon irradiation becomesmore pronounced, until
for the very best nondrift field cell, 2er cent degradation, not total
degradation, becomesa maximum. By the addition of a built-in field
this worst condition can then be improved upon by an amountto be discussed
in the next paragraph.

It is of interest to examine the theory with regard to maximumpre-
dicted improvement in short-circuit current of a drift field cell versus
the total flux to which the cell is subjected. Portions of the data of
Fig. 3 maybe replotted to give Fig. 14, from which it can be seen that
more improvement is to be expected at the higher fluxes. Furthermore, in
the region where most of the present data were taken, a 20%improvement
is all that is predicted. It should be remembered_however, that the open
circuit voltage may very well also be improved so that the overall power
output improvement of drift field cells maybe considerably more than that
predicted by short-circuit current alone.

In summary, it can be said that satisfactory short-circuit current
theory, field incorporation techniques, and measuring methods are at hand,
and that with acquisition of the remainder of the irradiation test results,
a good assessment of the drift field cell capability can be made.
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Discussion

Green - Underwater Sound Lab: What is the difference between a normal cell

and one with a built in field?

Runyan: With regard to what?

Green: Do not all solar cells have a built in field?

Runyan: A normal cell has a built in field only between the front surface

and the junction. Usually however, only about 15_ of the carriers are

absorbed in that region, so most of them recombine behind the junction.

It is an additional field added in this region to which the paper referred.

Green: Why not make the initial field itself thicker?

Runyan: Usually solar cells with deeper junctions are somewhat less

efficient than those with shallow junctions.

Pearson - Session Chairman: I think this conversation should be delayed

and continued during the coffee hour.

Loferski - Brown University: Did you say that the only parameter you have

looked at on these cells has been short circuit current?

Runyan: Yes.

Loferski: And there was not much improvement in that over ordinary cells?

Runyan: That is correct.

Loferski: What about the other characteristics of the cells? Are they

even worse?

Runyan: This is rather an embarrassing question because we have neither

made a theoretical analysis nor have we examined the data for either total

power output or open circuit voltage.

Chidester - Lockheed: I realize that this was not the primary purpose of

your study, but are you saying that if we are using cells in a radiation
environment that we should not be too concerned with the initial

performance of that cell - that we could use poorer cells and get the

same performance at the end of life?

Runyan: Yes I said that, but if you consider the total power then you will

have less total power delivered to the load with the poor cells. I think

one wants to start with the best cell available. MY point was that the

kinds of data one sees on radiation effects depend on the kind of cell it

was to start with, and that one should take this into account when

analyzing the data.
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Ralph - Heliotek: In regard to Loferski's questions; I think I would like

to make a comment. Maybe you would indicate what you have observed. We

have seen a peculiar effect with drift field cells wherein the voltage

degradation was lower when the current degradation was higher, and vice

versa. Have you seen anything like that?

Runyan: No I don't think we have seen that exact thing.

Kaye - EOS: May I make a quick comment on that? I will be showing some

data on voltage degradation and giving some discussion in my paper. Perhaps

I might suggest that we leave this discussion until after that and then it

can all be discussed at one time.

Ralph: That is agreeable with me.

Pearson: Could you have used avalanche breakdown to determine the concen-

tration rather than the four-point probe?

Runyan: I think a single point spreading resistance probe would probably

work, but I do not know how to analyze the data from the avalanche break-

down probe for the case in which the concentration is varying below the
surface.
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Abstract 17__

Silicon solar cells are semiconductor devices which convert the

sun's radiant energy into electrical power. Solar cells are being

widely used on space vehicles, which requires them to be radiation

resistant. Considerable effort is currently being expended to develop

a radiation-resistant solar cell structure.

A drift-field structure for the fabrication of radiation-resis-

tant solar cells will be presented and discussed. Epitaxial growth

techniques were used to obtain graded layers for achieving the drift-

field structure. Graded epitaxial layers of 10-50 microns thick were

successfully grown on low resistivity, P-type silicon web and Czochralski

crystal substrates. The N-P junction was formed using phosphorous

diffusion. Evaporated Ti-Ag contacts were used for fabricating the device.

The physical and electrical characteristics on these devices will be

presented.

Radiation-damage studies using i MeV electrons were performed to

optimize the structure for increased radiation resistances. Plots

of efficiency and short-circuit current density vs. electron flux density

will be presented and discussed. The results obtained will show the

epitaxial graded base cells were more radiation resistant than the

field-free (conventional) cells. The optimum drift-field structure for

radiation resistant dendritic silicon solar cells will be presented

and discussed. Integral quartz cover studies on these cells will be

presented.

A slotted angle design for the fabrication of solar cell panel

modules will be presented and discussed. Estimated weights and power

density (watts/ibs) on the different cell design will be presented,

and a study of fabrication in quantity for dendritic cells will be

discussed.
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Introduction

Virtually all of the solar cells produced in this country are being

used on space vehicles as sources of primary power. A chi@f limitation

of solar cell arrays is the degradation of power output from the space

radiation environment. In the interest of mission economy, solar cell

arrays should also have high power densities (watts/ib). This paper

will outline the use of webbed dendritic silicon in a radiation- re-

sistant and lightweight solar cell array. Superior radiation resis-

tance is achieved through the use of the drift-field cell structure,

and the unique mechanical properties of the webbed dendritic silicon

strongly contribute to array power density.

Drift-Field Cells

Recent studies by several workers have indicated that an N/P

type solar cell, of about 10 ohm-cm base resistivity, is optimum with

respect to radiation resistance. Therefore, most of the present commer-

cial cells are of this type.

Solar cell performance strongly depends upon the ability of minority

charge carriers to drift into the N-P junction region from the base

region. Space radiation inhibits this drift by generating minority

carrier recombination centers in the base region. Therefore, it has

been suggested that an electric field, in the base region of solar

cells, will enhance charge collection for any given density of radia-

tion-induced recombination centers, over that of field-free cells.

Such drift-field cells, therefore, should display performance with

damaging radiation superior to that of comparable field-free cells.

In the present drift-field approach, an epitaxially-grown layer,

with a graded P-type impurity concentration, is employed. A cross-

section of this cell, and an impurity concentration profile are shown

in Fig. I. Cells made by this method have shown efficiencies as high

as 11% under filtered 3400°K illumination. This value of initial
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efficiency, plus the radiation resistance of these units, results in
superior performance for the duration of any mission. Table I shows
someof the characteristics obtained on these cells. Large area drift-
field cells were madeand the results are shownin Table II. Figures
2 and 3 showthe results of an irradiation in which both conventional
and drift-field cells were irradiated for comparison purposes. If
radiation resistance is regarded as the ratio of integrated flux den-
sity values necessary to reduce the efficiency to a given value, it
can be seen that there is a factor of 3 superiority for the drift-
field cell (Fig. 2). If one considers that the cells will be exposed
to an equivalent integrated omnidirectional i MeVelectron flux density
of 7 x 1015 e/cm2 per year (for a worst-case equatorial orbit), then
it is readily seen that the daily integrated flux density is 1.9 x
1013 e/cm2. Considering the crossover point of Fig. 2, it is evident
that after less than seven days in the above space environment, the
drift-field cells will be superior to the conventional cells, despite
the fact that their initial efficiency was lower than that of the
conventional cells. Fig. 4 also showsthe performance of these cells
as comparedto commercial N/P cells.

The above analysis of solar cell space performance assumesthat
the electrical operating point of the cells will always be at maxi-
mumefficiency. However, on practical spacecraft, the solar cells
generally work into a constant voltage load. This requirement actually
enhances the performance of the drift-field cells, as can be seen from
an examination of Figure 5. Therein is plotted the efficiency vs.
integrated i MeVelectron flux density, for both cell types, at different
load voltage values. The advantage of the drift-field cells is greatest
at the higher voltage, and decreases as the load voltage decreases.

It is expected that the superior radiation resistance of the
drift-field cells can be utilized to increase the watts per pound
ratio of future solar cell arrays by allowing thinner cover slips to
be used over the cells. In this case, the lifetime of the array of
drift-field cells would be the s_perior over an array of conventional
cells. It maybe possible to use recently-developed integral quartz
covers of i-3 mils thickness, instead of adhesive-bonded 6-mil covers.
This approach has the additional advantage of eliminating effects of
radiation damageto the cever slip adhesive.

A novel technique for the low-temperature deposition of SiO2 was
developed. Knownmethods for oxide deposition include the pyrolytic
decomposition of tetraethylorthosilicate, the reaction of a silicon
halide with CO2 or H20, etc. Typically, these methods yield oxides
that are porous, of low density and have a slow growth rate. The
system chos@nfor study was Si X 4 (X = CI, Br, or I) - H2 - 02• It
was assumedthat hydrogen and oxygen striking the hot silicon surface
would react to form water and the water would react with the silicon
halide according to the reaction,
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SiCl4(g) + 2H20(g) : Si02(s ) + 4HCI(3).

This reaction is very favorable thermo-dynamically; in fact, the
reaction proceeds to the right at room temperature. The SiO2(s) de-
posited is nonporous, approaches the theoretical density, and can be
deposited at a high growth rate. These considerations make this technique
very attractive for the fabrication of integral quartz covers for solar
cells. Initial cells madeusing this technique had open circuit voltage
of 0.54 volts and current density 22.5 ma/cm, and efficiency of 8%
without antireflective coatings.

Solar Cell Module and Array Design

The purpose of this design study was to present a high power to

weight ratio, self-erectable solar array, capable of displaying 20

square feet of high efficiency silicon webbed dendrite solar cells.

The approach taken here was the modular one. The basic module selec-

ted was one of 3 inch by 12 inch nominal size containing eight den-

dritic solar cells. A slotted angle substrate was chosen for this

module. The substrate was very suitable to long dendritic solar cells

as it utilized the mechanical properties and physical dimensions of

these cells. The substrate of the "slotted angle" design consisted

of a lO-mil thick aluminum sheet. The aluminum sheet was rigidized

using die forming techniques. Solar cells were attached to the sub-

strate using a thin layer of RTV silastic adhesive. It should be

noted that several wire leads were put on each cell and six mil quartz

covers applied before they are mounted on the panel. Design details

of a slotted angle panel are shown in Figure 6.

The modules fabricated using this design were tested environmen-

tally for the following tests:

i. Acceleration 12 g's

2. Shock 40 g's

3. Temperature 4OOF to 200°C

4. Vibration 15 g's

The details of this are shown in Figure 7.

the environmental tests satisfactorily.

The modules passed

Table III gives the details for power to weight ratios for a

20 ft 2 array. Figures 8, 9, 10 and ii show the array concept and

deployment technique. Twenty of the modules are tied together to

form a five square-foot array segment. These array segments are then

attached to either the supporting beam or a hard back containing support-

ing hinges. The array is held in the stored configuration by means

of clevis joint. The pin in the joint is attached to pyrotechnic

cartridge and can be retracted by firing the cartridge. Springs are

provided to erect the panels.

A-3-3



PIC-SOL209/6

Conclusions

A drift-field solar cell structure using silicon webbed dendrite

has been developed. Efficiencies on these cells were as high as 11.2%.

Drift-field cells i cm by 2 cm, i cm by 6 inch and I cm by 12 inch

were fabricated.

A low temperature SiO 2 deposition technique for achieving integral

covers on solar cells was tried and found feasible.

Solar cells in large quantities can be fabricated on silicon webbed

dendrites. A pilot-line for this has been set up and presently is in

operation.

The slotted angle panel design resulted in 15 watts/ib or more

power output under tungsten testing conditions. With improvements in

the present design_ it is possible to achieve 25.0 watts/lb.
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TABLE II

Cell No v Area Cm 2

EPI-182A 13.68

EPI-183A 13.68

EPI- 174A .13.68

EPI- 184A 13.68

EPI- 172C 13.68

EPI-181B 13.68

91-1 12.39

76 24.62

90-3 24.62

Length Width

on Voc Isc vM IM PM _,

15.2 l .55 315 .44 286 126 9.23

15.2 i .56 330 .42 310 130 9.5

15.2 i .54 340 .42 295 124 9.06

15.2 I .54 325 .42 295 124 9.05

15.2 i .55 335 .42 310 130.2 9.55

15.2 1 .55 335 .42 310 130.1 9.53

15.2 0.9 0.55 320 .44 290 127.6 10.3

22.8 1.2 0.55 640 0.40 585 234 9.5

22.8 1.2 0.55 640 0.40 585 234 9.5
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i. Acceleration

Test Requirements

The solar cell panels will be subjected to 12 g's acceleration

force for a duration of ten minutes in each direction of each of the three

(3) mutually perpendicular axes.

2. Shock

The solar cell panels will be subjected to a shock pulse with a

magnitude of 40 g's and a pulse duration of six (6) milliseconds, The

solar cell panels will be subjected to three (3) shocks in each direc-

tion of the three (3) mutually perpendicular axes.

3. Temperature

The solar cell panels will be subjected to three (3) complete

temperature cycles. Each temperature cycle will consist of starting

at room temperature, increasing the temperature to +200oF, then re-

ducing the temperature to -40°F and finally returning to room tempera-
ture.

4. Vibration

The solar cell panels will be vibrated in each of three (3) mutually

perpendicular axes under the following conditions:

Type of Vibration Frequency Input

Sine Wave 5 to 14 cps 0.5 inch D.A.

14 to 40 cps 5.0 g's

40 to 400 cps 7.5 g's

400 to 3000 cps 15.0 g's

Random _ to _vvv°_nn_p_ 0.05, _2/cDs_ spectral_

density

The sine wave vibration will be applied separately from the random

vibration. The sine wave cycling will consist of 5 to 3000 cps in 2.50

minutes and 3000 to 5 cps in 2.50 minutes. The random vibration will be

applied for 5.0 minutes.

Figure 7
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Figure 8

Figure 9
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Figure i0

Figure ii
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TABLEIII

Power to Weight Ratios for a 20 Sq. Ft. Array

Present Available Present Possible

A. Module Weight A. Module Weight

Size: 3 in by 12 in (nominal) Size: 3 in by IP in (nominal)

6 mil covers

Si solar cells

(soldered, 15 mils thk.)

A1 substrate

Silicone Rubber Adhesive

Transparent Adhesive

Rest

TOTAL

B. 20 Sq. Ft. Area

8.0 gms

32.0 gms

21.0 gins

7.5 gins

5.5 gins
3.7 gins

77.7 gms

80 modules at 77.7 gms each 13.6 lbs

C. Array Hardware

Weight 2.60 lbs

D. Total Weight

B + C 16.20 ibs

E. Total Power Output

Using 10% cells 248.8 watts

3 mil covers

Si solar cells

(solderless, 7 mils thk.)

A1 substrate

Silicone Rubber Adhesive

Rest

TOTAL

B. 20 Sq. Ft. Area

4.0 gins

ii.2 gins

17.0 gins

7.5 gins

1.6 5ms

41.3 gins

80 modules at 41.3 gins each

C. Array Hardware

7.37 Ibs

Weight 2.60 ibs

D. Total Weight

B+C 9.97 Ibs

E. Total Power Output

Using 10% cells 248.8 watts

F. Watts/ib

E
15.5

F. Watts/lb

E

D
25.2

A-3-16
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Discussion

Campbell - NRL: I want to ask about that low temperature and what do you

predict for the radiation stability as far as discoloration? Seeing as

how it's grown from ....

Tarne0a: Well, as I said earlier in the paper, the work is in the initial

stages. We can right now deposit as thick as i mil and probably thicker,

but we have no radiation data available at this time. But we predict that

we can probably deposit up to 3 mils, with some refinements in the present

techniques.

Campbell: What do you predict on the radiation stability for discoloration?

Tarne0a: Well, I would not like to make a prediction right now.

Runyan - TI: Two questions: one, with regard to the layer of oxide you're

depositing, how do you keep the thermal mismatch from causing such severe

bowing that the whole thing breaks?

Tarneja: Well, as I said, the approach which we have taken in this is to

grow this at fairly low temperatures, and we did see some mismatch; but

now, if we use a silicon web piece right after diffusion, before the

contacts are put on, we do not have this problem.

Runyan: At what temperature is this done?

Tarneja: This is around 600 degrees.

Runyan: OK, I see.

Tarneja: We are trying to go lower.

Runyan: One other quick question. That was, your data on the effect of

the built-in field, centered around measurements made with a filtered light

bulb 3400 degrees K light. Now what would be the effect on your data if

you had used the solar simulator rather than the tungsten lamp?

Tarneja: We have some data. I think that later on a paper is going to be

given on the balloon flight measurements where the dendritic solar cells

were put on the balloon flight, but the air mass zero efficiencies of the

balloon flight measurements, if I can recall correctly, were in the

vicinity of 9%°

Tooie - RCA: Did you observe degradation for silicon-web cells and

convez_ional cells under a tungsten source? Could you make any kind of

statement as to how the spectral response of the silicon-web cells compares

with the conventional cells?

A-3-17
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Tarneja: If we compared the spectral response of the silicon-web conven-

tional cell with a conventional silicon crystal cell, there is no difference

whatsoever. Now, in the drift-field cells, we did not have the other drift-

field cells available; but the spectral response on the drift field cells

which we make is what we would expect. It is good in the blue region, but

in the far infrared or in the red region it is a little lower because

initially of the lower resistivity of the substrate and the lifetimes of

the structure.

Toole: And they're lower in the red - the silicon web cells.

Tarneja: The drift-field silicon-web cells - not the conventional silicon-

web cells.

Voice - RCA: OK.

Kaye - EOS: Do these dendrites have a twin plane running through the

center of them?

Tarneja: Yes, they do normally.

Kaye: Have you noticed what effects youget with the presence of the twin

planes ....

Tarne$a: We have conducted an experiment and we do not see any effect of

the twin plane on a solar cell and other devices.

Kaye: How do you account for that?

TarneSa: Well, I think ... (laughter) But, probably, I have my own

explanation. It will take some time, but I could get together with you

later on. Because I think that in the solar cell structure where we are

using the top and bottom as contacts, the twin plane really doesn't play

any role. Although we have grown silicon-web with no twin plane at all.

Ka__- I expect it to act as a recombination plane?

_ar_e,L_.'a"With respect to the recombination planes, we had an experiment
where we would start with a piece where the twin plane is within a short

distance from the surface and the other away from the top surface; and we

did not see any degradation, or effects whatsoever.
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ABSTRACT

This paper describes the results of recent work carried out at
Electro-Optical Systems on silicon drift field and thin single crystal
solar cells. The 0.004 inch thick cell was designed for use on light
weight weather balloon panels. Data taken under tungsten and sunlight
illumination is presented that shows sample cells to have approximately
9 to lO percent conversion efficiency.

Also discussed is a radiation resistant cell employing a built-in
electrostatic drift potential. The results of a computer calculation,
which takes into account the variation of lifetime and mobility due to
changes in doping, are presented and comparedwith experimental data.
The results indicate an optimum field width of 50 to 75 microns.

The important question of open-circuit voltage degradation and
the results of a calculation that accounts for the anomalous degrada_
tion often observed is presented.
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STATUS OF ADVANCED SOLAR CELLS AT ELECTRO-OPTICAL

SYSTEm, INC.

S. Kaye and G. P. Rolik

Electro-0ptical Systems, Inc.
A Subsidiary of Xerox Corporation

Introduction

This discussion will consider two advanced types of solar cells:
radiation resistant drift field cells, and thin (0.004 inch) cells.

In the drift field case, it can be shown that the calculations of the

current collection efficiency from distributed field in the base of

the cell predict an optimum field strength-width ratio. These calcu-

lations take into account a varying mobility and lifetime due to changes
in the doping level producing the field. Also, it can be shown that

the open-circuit voltage degradation, with increased radiation fluxes,

is dependent not only on the short-circuit current degradation but, more

heavily, on the increase of the junction saturation current. Cells

0.004 inch thick have been developed primarily as power sources for in-

strumented balloon flights. These cells, fabricated by an extension of

present solar cell processing techniques, are capable of a 9 to l0 per-
cent conversion efficiency both in tungsten illumination and air mass

one sunlight.

Drift Field Cells

In considering the calculations for the current collection effici-
ency, two types of field _rofiles were considered (Fig. 1). Case I

assumes a linear change of field strength through the active base re-

gion_ with the highest field at the p-n junction. Case II again assumes

a linearly changing field but with the high field at the back of the

active region. It shouSd_:_noted here that if the field is formed by

a long diffusion of an acceptor type dopant into p-type base material

from the back, the impurity distribution being an erfc, a field pro-

file approaching Case I is attained. Also, the average field strength

(assuming a lOlratiop in the number of impurities) is-approximately

0.3/w volts cm , where w is the field widthll This would give a field
varying linearly from zero to O.6/w volts cm . Also, for the purpose

of approximation both _ and T were assumed to decrease linearly with

position as one proceeds toward the heavily doped portions of the base

region. The results of the calculation are shown in Figs. 2 and 3. No

vast difference is seen between the two cases, although a smaller

optimum field width and lower base collection efficiency is predicted
for Case II.

The sample cells were fabricated by diffusing the field forming
impurity (boron) into the back of the cell to the optimum depth
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indicated by the calmulation for Case I. A profile measurement made on

sample cell substrates by alternate sheet resistivity and etching steps

showed the impurity distribution to have an erfc shape. Since a cell with

a total _hickness _equal to the optimum thickness indicated by the theory

(75-80_) would be too fragile for conventional use, a 0.004 inch thick low

resistivity epitaxial layer was deposited on the back of the cell. The

front of the cells was then lapped and etched to the desired point along

the impurity distribution. The junction was placed 0.3-0.4_ below the front

surface with a conventional phosphorus diffusion. Sintered silver-titanium

contacts and silicon-monoxide antireflection coatings were applied to

complete the process.

Cells were submitted to Dr. P. Fang of Goddard Space Flight Center

for irradiation testing with 1 MeV electrons. The data obtained on E0S

cells (designated #l) and those of other manufacturers is shown in

Figs. 4 to 6. Figure 4 shows the percentage degradation of short-circuit

current as a function of integrated flux. The graph shows the degradation

slopes to be reasonably well behaved, the slope of E0S cells being shallower

than the slopes of the cells of other manufacturers. However, in considering

the slopes of the values of absolute efficiency versus electron flux (Fig. 5),

considerable variation is noted, which cannot be explained on the basis of

I_ degradation alone, but must stem from anomalous behavior of the open-
_ .

circuit voltage, Voc (Fig. 6).

In analyzing data of the degradation due to irradiation of several

types of cells, it was noted that the degradation of V is faster than

nIsc. This prompted a closer inspection of V depen_nce on other
parameters, oc

If one plots the logarithm of the absolute value of the current

I minus Is_ versus voltage of typical cells before and after irradiation,
an extrapolation to V = 0 yields a value of saturation current In (Fig. 7).

The validity of this procedure can be shown by considering Eq. l_of Fig. 8,

as V_0, _n _I-I l_nI . However, since the 'A' factor changes with vol-

tage, the plot S_n I_-I I versus voltage will not be a straight line,

and the extrapolation to _c= 0 must be made from that portion of the func-

tion where 1 <A <2. The value of I thus obtained is characteristic of

operation near the maximum power point of the I-V characteristic. From

this value of I , the minority carrier lifetime can be calculated from

Eq. 2 of Fig. 8° this being the expression for the dependence of satura-

tion current generation on minority carrier lifetime in the space charge

region as expressed by _nscher (Ref. 1).

Results of calculations of T for two representative drift field cells,

one with a small degradation of V (Cell E34-2A) and the other with

larger degradation of V (Cell E_-2C), are shown in Fig. 9. Values of

w were taken from grap_ given by Ref. 2 under zero bias condition and
S

assuming the junction potential to be 0. 7 volts. The values of T shown

are reasonable and in fair agreement with published data (Refs. 3 and 4).
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This indicates that the excess degradation of V is probably only a
further manifestation of a decrease in lifetime°_nd is consistent with

the lifetime change deduced by the degradation of short-circuit current.

This investigation is still proceeding.

Thin Solar Cells

Silicon solar cells, 0.004 inch thick, i by 2 cm, were recently fab-

ricated as power supplies for instrumented balloon flights. The cells

were n-on-p type with sintered silver-titanium contacts and were fabri-

cated by an extension of presently accepted cell manufacturing procedures

from i ohm-cm base material. Approximately 300 cells were made and in-

corporated into panels of i00 cells (Fig. i0). The panel substrate was of

polyimide ("H" film) 0.010 inch thick, onto which a copper printed circuit

interconnection pattern had been deposited.

Spectral response measurements were taken on several cells. A

typical response curve compared to that of a standard 0.012 inch thick

cell is shown in Fig. ll. It is apparent that the longer wavelength

response is reduced, which predicts a decrease in I and power output
sc

compared to thicker cells. Figure 12 shows the theory of Wolf and

Ralph (Ref. 5) _or the variation of short-circuit current with thickness.

Also shown in this curve are their experimental data and a point for a

short-circuit current of the ten best cells made during the present in-

vestigation. This point lies on an extrapolation of the experimental

points obtained by Wolf and Ralph and falls below their theoretical pre-

diction.

Figure 13 shows a table comparing the short-circuit current and

total efficiency in tungsten and sunlight illumination of the l0 best

cells obtained. It should be noted that the device parameters were

optimized for air mass one operation due to the requirements of the

oaiioon flight mission.
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Discussion

Pearson: Before I open up for discussion, do you have a watt per pound

figure for this 4-mil solar cell?

Ka__: It is rather difficult to give a general answer to this question,

since the watt per pound for a complete system depends very much upon the

method of mounting interconnections, etc. that are used. For the cell it-

self, the weight of a 1 by 2 cm, 0.004 in. thick cell will be about

0.08 grams compared to 0.16 grams for a 0.013 in. thick cell with silver-

titanium contacts; and 0.25 to 0. 3 grams for a 1 by 3 cell, 0.018 in.

thick, with soldered contacts.

Baicker - Princeton Research & Development Co.: I would like to make a

commenton_this open-circuit-voltage problem. We've been analyzing some

Texas Instrument drift field cells and some Heliotek drift field cells and

comparing them with some standard RCA cells. We have made some I-V curves

similar to the plots that you showed. A principal difference we fOundwas

that there seemed to be two clearly separated regions in the I-V curve.

One is the standard thermal current region that one would expect and which

would fit with the kind of expression that you wrote on the board with an

A factor, which is in the neighborhood of 1 1/2 or 2. The other region

looks very much like the excess current that one sees in tunnel diodes. I

don't want to suggest that this is a tunnel current or anything like that,

but it looks very much like that, and it affects the squareness of the I-V

curve a little bit - not appreciably, but it's clearly there and it domin-

ates the forward current in the region up to about 0.4 volt. This region

has a much lower exponential slope; consequently, one would expect that

the voltage would drop more rapidly under bombardment in the drift field

cell that exhibits this kind of excess current, if you want to call it

that.

Kaye: How does this excess current change with radiation damage?

Baicker: We do not have enough data to answer that question, but it is

several orders of magnitude higher than in conventional cells, at least

conventional RCA cells made on 1 and l0 ohm-cm base material.

Kaye: ! would certainly appreciate looking over your data if it is
available.

Loferski - Brown University: Perhaps I misunderstood, but early in the

course of the presentation you showed some slides with the high field of

the junction and a drift field with the high field at the back of the cell.

You then said that there wasn't much difference one way or the other.

That means that without any drift field, there is also no difference -

right?

Kaye: No. I must apologize for not clearly expressing myself in
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discussing that point. Another way of expressing my point is that the mean

transit time of the carrier across the base region of the cell does not

vary appreciably with a change in field configuration; that is, whether

there is a high field at the back or at the front _ the cell or even a uni-

form field across the base region of the cell. However, the transit time

does differ from the case of a field free cell and is, of course, less than
in that case. This calculation was carried out because there had been some

speculation that one might get a considerable difference between these two

cases. I think the calculation shows that there is some difference, but

it's not very important.

Loferski: Was the field in the same direction in both cases?

Kaye: In both cases the field was such as to accelerate the minority

carriers toward the junction. It's merely a question of the distribution

of field in the base region of the cell.

Ralph - Heliotek: On Figure 12 was the data for the EOS cells that you

presented tungsten or air mass i.

Kaye: The data points shown on that figure are for AM1 short-circuit

current for the lO best cells shown in Figure 13 and were plotted assuming

that a 1-ohm-cm thick cell would have a short-circuit current of 5OmA when

illuminated with AM1 light. These points fall on your extrapolated data

points for AM1 cells. If, however, one looks at the tungsten short-circuit

currents (also shown in Figure 13) and assumes that a thick cell illuminated

by tungsten light would have a short-circuit current of 55mA, then these

tungsten data points would fall on your theoretical curve for tungsten

illumination.

Tarne_a - Westinghouse: In one of your slides you showed the diffusion

length of your drift field cell as lO0_. Would you care to comment on what

the structure of the drift field cell was?

Ka___: That wasn't a real diffusion length. As you recall, I calculated the

i of the call from the forward I-V characteristics, and from that I calcula-

ted a lifetime. Since many of us are accustomed to thinking more in terms

of diffusion lengths_ rather than lifetime, I put in a diffusion length

equivalent to the lifetime I had calculated. I am not suggesting that this

was the actual diffusion length in the cell.

TarneOa: What is the structure of your drift field cells?

Ka__: The cells were not all the same, but generally, they had field widths

in the base region varying between 75_ and _00_. The acceptor concentration

in the vicinity of the junction was 2 x i014/cm2 increasing to approximately

i020/cm3 at the rear of the field region followed by 4 - 6 mils of epi-

taxially heavily doped material having 1019 - 1020 atoms/cm 2.

Wiener - RCA: Have you compared the temperature of your 4-mil solar array
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mounted on film against a conventional solar array?

Kaye: No, we haven't.

Wiener: How can we get more information on this array and its character-

istics? Is there a formal paper on it?

Kaye: Unfortunately, there is not a formal paper available at this time.
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SOMECONSIDERATIONSHEGARDINGTHEPRODUCTION
OF IMPROVEDSOLARCELLS

by
E. L. Ralph

Heliotek, Div. of Textron Electronics, Inc.

Introduction

Four areas of consideration in regard to the present state-of-

the-art of solar cell production are discussed. There is a brief

discussion of some recent advances in solar cell production. Future

possibilities for advancement are mentioned with some technical dis-

cussion being made regarding the problems associated with these changes.

The first area of discussion considers the changes in spectral

response that have been made on typical production cells during the

past few years and the reasons for these changes.

The second area considers the effect of increasing the cell size,

thus increasing the active area of the cell and the benefits or dis-

advantages that can come out of this type of change.

The third area covered is the effect of decreasing cell thick-

ness and how this affects cell performance.

The fourth area compares the Air Mass Zero efficiencies of bare

cells for the past few years based on production history for specific

space programs.

_ot._sl Re s_onse

The spectral response of production type silicon solar cells has

undergone several minor changes since 1961. In 1961 a major change

took place when the blue shifted P/N type solar cell was introduced

by Heliotek. This type of cell had a shallower junction depth -_ich

resulted in improved short wavelength response. Quantitatively, this

response improvement provided about 8% more power in sunlight, com-

pared to the standard practice of making measurements in a tungsten

light source, than the cells available prior to this change. Since

that time no significant change in response has taken place in pro-

duction type P/N cells.

In 1962 the first N/P type solar cells were made available in

production quantities. At that time Heliotek produced N/P type solar

cells with a lapped silicon surface and nickel plated contacts. These

N/P cells had a SiO interference type antireflection coating on the

lapped surface and the spectral response was shifted somewhat toward
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the short wavelengths compared to the P/N type solar cell. This slight

improvement in spectral response amounted to about 2{ more power out-

put, when operated in sunlight (compared to tungsten measurements),

than that obtained with the P/N type cells.

In 1964 Heliotek made available production quantities of N/P

solar cells with a polished silicon surface and a silver-titanium

sintered contact. This solar cell also had a Si0 interference type

antireflection coating on the surface. As a result of optimization

studies which were made on this coating, it was designe_ to give the

maximum output for an Air Mass Zero sunlight spectrum, l) As a result

of this study another slight improvement in spectral response at the

short wavelength was made. In this case the improvement amounted to

about 3{ more output in sunlight (compared to tungsten measurements)

relative to the production type N/P cells previously available. Relative

spectral response curves corresponding to these most recent type cells

were shown in the above referenced work.

Cell Size

The size or area of production type solar cells has historically

been predominantly of the i cm by 2 cm size. The primary reason for

the acceptance of this particular size appears to be the ease of

handling for both cell manufacturers and solar panel manufacturers.

As early as 1959 larger sizes of 2 by 2, 2 by 5 and 2 by 7.5 cm were

available in laboratory quantities, however, no general acceptance or

production was started at that time. Gradually 2 by 2 cm sizes were

accepted, but even today the i by 2 cm size is produced in the largest

quantities.

The use of larger solar cells is not only a matter of acceptance

by manufacturers and users, even though there is a great deal of re-

sistance in changing from an existing configuration type. In addition,

however, there are technical and economical considerations which must

be weighed as the cell size is changed. In almost all cases the solar

cell panel marlufacturer has found that increasing the cell size to

2 by 2 cm has decreased panel costs, due to a reduction of the soldering

and handling operations. Also, the cell manufacturers have found that

a larger cell, such as the 2 by 2 cm size, can be produced more econom-

ically on a cost-per-milliwatt basis. Again, this is primarily due

to less handling operations per unit of power output.

The above logic imp!iesthat much greater economical advantages

can be obtained in the future by increasing cell size still further.

This conclusion is not necessarily accurate since the economical

advantages above were obtained even though several disadvantages of

large cells were present. As the size increases these disadvantages

must be studied and it is likely theft they will become the controlling

factors.
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Of significant importance in increasing cell size is the effect
on material utilization and breakage. In the case where the solar cell
blank is cut from a single crystal ingot, there is a definite material
utilization dependencewhich is associated with size. Figure i shows
several curves that represent the relative utilization merit factor
for various silicon ingot diameters and several cell sizes. The solid
curves represent theoretical utilization factors assuming that all
cell sizes considered could be cut as efficiently and with the same
breakage factors as a i by 2 cmblank. Even under this idealistic
condition a definite penalty is experienced if a 4 by 4 cm cell was
to be made. The dashed curves are obtained after a typical cutting loss
and breakage factor is applied to the solid curves. These curves
show that these cutting losses and breakage factors becomelarger as
the size increases and obviously would add a significant amount to the
raw material costs. In the case of the 2 by 2 cmcell these increases
were offset by production process cost reductions associated with less
handling (per unit area), so that the result was a net decrease in costs.
This is likely to be reversed as utilization factors are decreased.

Even though cell costs may not be able to be decreased or may
even need to be increased for very large sizes, this maynot necessarily
meanthat the over-all effect is bad. It may turn out that panel
manufacturers can decrease costs further with larger cells so that
the net effect again would be a decrease in costs of the solar power
system.

In addition to the cost factors associated with cell size there
is also a performance design aspect which must be considered. Figure 2
shows a solar cell grid design situation that develops when the cell
width (or grid length) is increased from i to 3 cm. For the three
centimeter cell width case where the grid thickness is 1.5_, (typical
for i by 2 cm cells) there is about 5%loss in power output after
the grid width is optimized for maximumperformance. This loss can
be decreased to 0.5%by increasing the grid thickness, t, by a factor
of 4 (to 6_), but this adds cost and mayhave a deleterious effect on
the contact strength properties. Figure 3 shows the power output
•_-_ __v_:_+__ t,_ _ 1 by _ C TM _11 __ ex_e_ted as the cell

size is increased for several grid thicknesses. It is obvious that

typical grid thicknesses of 1.5_ are not sufficient for large cells.

As cell sizes are increased the losses due to grid design or inter-

connections become very important and are likely to make very large

cells appear undesirable.

There are other factors of importance relating to the applicability

of larger cells which need further consideration. For instance, small

arrays can not use large cells and achieve the desired voltages without

increasing the complexity of the interconnections and wasting panel

area. Furthermore, for many arrays, reliability is actually decreased

when larger area cells are employed, unless special contact designs
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are used. Thus, it is not necessarily advantageous to move toward
larger cells.

Cell Thickness

The effect of solar cell thickness on short circuit current was

studied and reported a year ago. 2) Since that time additional work

has been done which verified the short circuit current losses with

thickness, that were reported. These losses were about twice as

large as expected by theory. In addition to the current losses, the

recent work has shown that a voltage loss is also associated with

cell thickness. This voltage effect amounts to about a 20 mV drop

in open circuit voltage as the cell thickness is decreased from 16

mil to 8 mil.

In addition to studying the cell output characteristics as a

function of thickness, the radiation resistance characteristics were

also studied. Figure 4 shows the effect of i MeV electron irradiation

on cell short circuit current for various thicknesses. The solid

curves are theoretical curves from the previous work. 2) The dashed

curves are the experimental results observed. As mentioned above,

the 8 mil thick cells show lower short circuit current than theory

predicts. In both cases (i.e., 8 mil and 16 mil cells) the radiation

degradation characteristics behave as expected. Degradation at the

high flux levels for all thicknesses follow the same degradation curve

even though the initial values are at different levels.

Figure 5 shows the open circuit voltage degradation characteris-

tics as a function of i MeV electron flux for several cell thicknesses.

The solid curve in this c_se was data from a previous radiation ex-
periment on thick cells.3 In this figure the effect of thickness

on open circuit voltage is apparent at the low flux levels. As in

the case above, however, the radiation characteristics are as ex-

pected and at high flux levels all cells follow the same degradation

curve.

Air Mass Zero Efficiency

Air Mass Zero solar cell efficiencies have been gradually in-

creasing during the past few years. There have been no sharp in-

creases as was observed with the introduction of such basic changes

as the gridded solar cell and the blue shifted cell, but instead,

the improvements have been due to better production control and op-

timization of the various cell design parameters.

With the introduction of the N/P solar cell in 1962 there was a

significant differential in the production yield between N/P and P/N

cells. The average M = O efficiency of tlhe N/P cell was more than

iO{ below that of the P/N cell. Since that time the efficiency of N/P
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cells has been increased by as much as i0_, but the average efficiency

of P/N cells has also been increased. Today the average efficiency of

_//P cells is typically about 6_ below that of P/N cells.

Another way of evaluating the present state-of-the-art of pro-

duction capabilities is to consider the space program efficiency re-

quirements which have been met. In this type of analysis only de-

liveries meeting space program requirements are considered, without

specific reference to the number of cells produced which do not satisfy

the program requirements. What it does show, however, are the efficiencges

which were available and indicates the general trend in solar cell pro-

duction history. Figure 6 shows Heliotek's solar cell production ex-

perience for the past four years. The cell average M = 0 efficiency

and the quantity of cells delivered for each specific program was evaluated.

0nly programs with greater than i0,000 cells were included in this study.

Figure 6 is a population distribution diagram showing the average

efficiency distribution over each yearly period. For both the P/N

and the N/P cells there was a general trend to supply higher efficiencies

versus time. Also_ the relative quantities of N/P cells produced has

increased so that this type of cell now comprises the major portion

of the market. Of interest is the slight increase in the N/P efficiencies

delivered. As was mentioned above, average N/P production yei!ds have

increased by almost i0_ or double that shown in Figure 6. The reason

deliveries show a smaller increase is that in 1962 space program re-

quirements for N/P cells were specified near the P/N levels even though

the production yields were not equivalent.

The sharp efficiency increase in P/N deliveries in 1964 and 1965

was partially due to increased yi41ds, but was also due to the de-

creased demand for this type of cell, except where very high efficiencies

were needed and where radiation environments were not a significant

factor.

it is clear from Figure 6 that the average cell efficiency delivered

to the space program over the ps_s_ four years has increased by about

5_, combining the data for both P/N and N_? type cells. With the im-

provement of production methods and controls this same pattern is ex-
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PRESENTSTATEOFSOLARCELLPRODUCTION

P. A. lles
HoffmanElectronics Corporation

E1 Monte, California

Preamble

We have been asked to survey the changes over the last three years in

production silicon solar cells, particularly in AM0 output and spectral

response, with comments on cell area and thickness.

During these three years, the main change for space missions has been

the replacement of P/N cells by N/P cells to gain greater radiation tolerance.

There has been greater emphasis on meeting the individual requirements

(electrical, mechanical or visual) of customers, and it is common to find

several designs of cells, differing in dimensions, bulk resistivity,

diffusion schedule and test parameters, bei_ manufactured at the same

time. This variety of mission requirements has prevented either the use

of high volume production methods, or the practice of stockpiling. Never-

theless, the cost per watt has decreased appreciably in this three year

period, even though the specifications have been increasingly severe.

We have derived benefit from i00_ testing with reliable solar

simulators, and good agreement exists between cell and submodule measure-

ments and the array output in space.

Hoffman has produced two different forms of N/P cells, as follows:

Plated Contact N/P Cells

These are characterized by a rough surface finish, a shallow PN

junction, a diffusion-produced antireflecting coating, and plated gold-

nickel contacts.

Sintered Contact N/P Cells

These are based on the Western Electric cell design and have a polished

surface finish, a shallow PN junction, sintered titanium-silver contacts

and an antireflection coating of evaporated silicon monoxide.

For equal active areas, the two cell forms give similar current

output. However, the sintered contact cells can have slightly lower

series resistance, and therefore more power output. Also, the evaporation

process allows greater active area (economically) and closer control of

the yield.
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Plated cells offered more chance of cost reduction because there was

less slice preparation required, inexpensive grid masking methods were used,

and the additional a/r coating step was eliminated. However, the main

impetus to the trend to sintered contact cells was the higher bond strengths

available (>800 grams for edge contact pull-test) although it is of interest

that present plated cell contacts generally allow a pull-test minimum of

600 grams . Present sintered contact cells when pull-tested, generally fail

in the silicon rather than in the contact. The present contact strength is

adequate for currently used module methods, and may be sufficient for the

automated interconnection methods being developed.

We consider the main advantage of sintered contact cells is the fact

that unsoldered cells have as much output as soldered cells, thus reducing

cell weight per milliwatt. Also, the grid lines can be left free of

solder, with the chance of a better bond with the cover slides.

To make best use of these advantages, we begin our sintered cell

fabrication with mechanically polished slices. This surface finish gives

the best optical tuning of the a/r coating, and avoids the pillow-effect of

etch-polished slices, thus ensuring a thin cover adhesive layer for the

whole cell, rather than a layer several mils thick near the edges. If

some solder is needed on part of the cell, the fabrication steps can be

arranged to solder only selected areas, such areas being the minimum

required for interconnections. Solar panel people at Hoffman and elsewhere

have devised very good methods for connecting solderless cells with

minimum solder, resulting in lighter, more flexible modules with electrical

output and mechanical strength equal to or greater than that for the best

soldered cell modules. As is often the case, the end product appears

simpler than those formed by earlier methods.

It is difficult to show a clear production picture because of the

varied configurations and resistivities used. In general, however, the

electrical characteristics change predictably (lower Isc and greater Voc
as the resistivity is decreased), although recently the bulk perfection

of cells made from silicon around 2 ohm-cm has approached that of cells

using i0 ohm-cm silicon. Here we have compared i cm x 2 cm cells made

from i0 ohm-cm silicon, with three grid lines extending from a contact

along the I cm edge.

AMO Output

Figure i shows the cumulative percentage (the percentage greater than

the corresponding abscissae) versus simulator output (as abscissae) for

such cells. The shifted abscissa zero exaggerates the differences, but

shows the trend. Instead of using AMO efficiencies, we prefer to use

milliwatts available from the cell, because this latter quantity is really

what the buyers peed. The values given are for reasonably large production

runs. Curves A, B and C are as described. Curve D is Curve B replotted

assuming an active area equal to that of the cells used for Curve C, and

shows the sintered contact cells to be slightly superior in output. The
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power per pound available from more than 50% of the cells increased from

54 watts for Case A to 68 watts for unsoldered cells in Case C.

Spectral Response

This has remained fairly stable, Figure 2 showing a typical curve,

with 2 limits. The slight variations observed can generally be traced to

differences in bulk perfection (predictable changes as the bulk resistivity

is changed), to differences in the diffused layer properties or in the

coatings.

Effect of Varying Area

We will consider only cell slices cut from large single crystal

ingots (other people will deal with web-dendrites). At present, there is

good ingot yield for either i cm by 2 cm, or 2 cm by 2 cm cells. For

larger slices, either the ingot yield decreases, or a greater spread of

crystal properties (resistivity, perfection, oxygen content)must be

tolerated. The larger slices require fewer handling steps per milliwatt,

and thus lower costs, but mechanical losses are relatively more serious.

Larger area cells should allow greater active area, but may mean a change

in the grid structure. Long, narrow cells require fewer configuration

changes than large square cells, but the latter give better uniformity in

the production steps of a/r coating and possibly in diffusion. .

Larger ceils require fewer interconnections in arrays, and probably

larger covers, but need more area per volt in the array. There may be

difficulties when covering irregularly shaped surfaces, and some filling-

in with smaller cells will probably be needed for these cases.

Therefore, at present, the 2 cm by 2 cm size appears best, and before

large size increases are made, a careful evaluation of the effects on the

whole array system must be made.

Effect of Decreasing Thickness

Thinner cells will help to reduce array weight. Our results show

_ as _ _11 +__ ......................_ s_e_ from 16 to 8 mils.. 5 to 6_ of the

cell output under the simulator was lost. The loss became greater below

8 mils as expected. Thus decreased cell weight means less power per array

area. Also, the increased watts per pound for thin cells will not give

significant increases for the whole system, until the main contributors to

array weights, primarily the substrate, are also made lighter. NASA and

other agencies realize this, and several promising approaches to lighter

array design are evolving, some of them to be described in this meeting.

If the array and cover design are suitable, use may be made of the

greater flexibility of thin cells. For thin cells, when one balances the

relative weight contributions against the slight power loss and the greater

production complexity (greater mechanical losses and handling problems),
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we feel that caution is necessary to prevent unreasonable demands being

made on cell manufacturers to produce thinner cells_ rather than making a

balanced approach to reducing the weight of the whole array system including

the cells.

At present_ i0 mils is a realistic lower limit for production numbers.
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SUMMARY OF RCA DISCDBSION

by

K. S. Ling

Radio Corporation of America

Electronic Components and Devices

Mountaint6p, Pennsylvania

Efficiency

Examination of distribution of air mass z_ro efficiency on cells

produced during the latter part of 63, 64, and 65 indicated that the

efficiencies of cells have not changed. They range from 10% to 12%.

Generally the users do not want cells under i0% efficiency. In 63

and 64 we had thought we had better cells than what we have today

because the relative spectral method was used to determine the air

mass zero efficiency. The conversion factor was calculated to be 1.22.

Now that we have airplane-flown standard cells to calibrate the light

source, the same conversion factor was found to be 1.16. If the air-

plane flown standard cell is used to measure the cells produced in

63 and 64, the air mass zero efficiency was found to be comparable

to that of present cells.

Another factor that has influenced the efficiency of the cell is

a demand for cells made with higher bulk resistivity material.

In 1963 , the cells were made with i-2 ohm cm material and now

most of the cells aramade with 7-14 ode, cm material. The efficiency

of the low resistivity cell is lsightly higher than that of the high

resistivity cell as the former has the maximum power point at 0.47

or 0.48 volts while the latter has the maximum power point at 0.44

or 0.45 volts.

In conclusion, a major breakthrough is required to increase the

efficiency beyond what can be obtained today. However, no evidence

of such a breakthrough is in sight.

Spectr%l Response

The spectral response of the RCA cells has not been changed for

the past three years. The same diffasion parameters have been used

for the last three years for materials of all resistivity range. We

believe that the thickness of silicon monoxide coating probably has a

more pronounced effect on the spectral response than minor changes in

the diffusion parameters. The thicker the SiO coating, the more red-

shifted is the cell response.

A-5.2-].



PZC-s0T,2o9/6

Area

RCA has only made a very small quantity of 3 by 3 cm cells. No

sufficient data are available to determine accurately the effect of

area on efficiency. Based on thousands of cells produced, there is

an indication that the efficiency of 2 by 2 cm cells is slightly

higher than that of i by 2 cm cells.

Thickness

We agree with what Mr. lies and Mr. Ralph said. The efficiency

of the cell is lower as the thickness of the cell is reduced. No

appreciable difference was observed between cells of 0.013 inch and

0.017 inch in thickness. Cells of 0.008 inch or less show a loss

in efficiency mainly due to the loss in the red response.

A-5.2-2



pzcosoT2o9/6
Section A-5.3

SUMMARY OF TEXAS INSTRUMENTS DISCUSSION

Presented by

Robert L. Cole

Texas Instruments Incorporated

Dallas, Texas

18 October 1965



PIC-SOL209/6

SUMMARYOFTEXASINSTRUMENTSDISCUSSION

Robert L. Cole
Texas Instruments Incorporated

Dallas, Texas

QUESTION:AMOefficiency of bare cells at peak of production distri-
bution now, a year ago, and two years ago.

ANSWER:Silicon solar cell efficiency has increase_ significantly
over the past several years. In 1963, the Telstar satellite typically
used cells in the 9%AM1range. Using this as a base point, Figure 1
shows how efficiency has increased over the years 1963 to 1965 for
nominal lO_-cm base resistivity cells. Nominal 12-cm cells usually
exhibit 1/2 to 3/4%higher AM1efficiencies than lOg-cm cells. From
1963 to the third quarter of 1965, the cell efficiency has increased
rather rapidly. Cell efficiency in 1966 and 1967 will begin to level
out as anticipated by the dotted line.

QUESTION:Spectral response of the typical production solar cell
now, a year ago, and two years ago. This should be relative response
at constant energy vs. wavelength in microns.

ANSWER:Silicon solar cells spectral response over the past several
years has shifted both into the shorter wavelength as a result of improved
cell characteristics and shallow junctions and into the longer wavelength
due to preservation of lifetime in the base material.

Figure 2 shows how spectral response has changed over the past two
years. This shift in spectral response is responsible to someextent
in the increase in cell efficiency.

The spectral response as shownin Figure 2 is plotted on a normalized
basis. Data were taken using a Perkin-Elmer Spectrophotometer Model 12C
using a tungsten light source, a quartz prism for wavelength separation
and a the_ocouple for _+_+_

QUESTION:Performance of silicon cells as a function of area, i.e.,
1 by 2 cm, vs 2 by 2 cm, vs. 1 by 30 cm, etc.

ANSWER:Figure 3 shows typically how the AM1power varies with size
of solar cells•

Power is plotted on a normalized basis.

The white cross-hatched area for each resistivity shows<yhat typical
spread in power can be expected fron standard production. Note the 12-cm
cells consistently give higher power output than the 10_-cm cells. All
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bar charts in Figure 3 are for nominal 13 mil thick cells in the solderless

condition with titanium-silver contacts and Si0 antireflective coating.

Soldered cells generally fall slightly below the power of solderless cells.

QL_STION: Performance of silicon cells as a function of thickness.

ANSWER: Cell power output drops as the cell thickness is reduced.

Figure 4 shows approximately what happens to a cell as the thickness is

reduced fron 20 mils to 8 mils where the cumulative photon absorption

drops fron 984 to about 954, respectively. Relating this to power output

by actual measurements; the power for an 8 mil cell runs about 90-924 of

the power of a 20 mil cell_ other cell characteristics remaining essentially
the same.
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STATUSOF SILICONWEBSOLARCELLS

R.K. Riel
Westinghouse Electric Corporation

Youngwood,Pa.

Introduction

Westinghouse has been engaged in the development of solar cells since

1959. Most of the work done in the area of solar cells on silicon webbed

dendrites has been under the sponsorship of the United States Air Force.

At present, Westinghouse is involved in the fabrication of N/P conventional

and epitaxial drift-field cells.

Results

Presently, the peak distribution for N/P conventional cells is around

10.5% AMO, and it was 9.5-10% a year ago and 9% two years ago. The drift-

field cell distribution is around 9% and a year ago was at 8%. Slide ! sho_

the details of some of the Balloon Flight Data obtained through the courtesy

of J.P.L. The Plates 6A and 6B are representative of present conventional

cells and Plates 2A, 2B, 4A, 4B of conventional cells a year ago. In the

case of drift-field cells, Plates 7A-lIB show the present distribution. It

is anticipated that AM0 efficiencies of !1% on conventional cells and 10%
on drift-field cells can be achieved in the near future.

Slide 2 shows the status of the spectral response on the conventional

cells. The effort in this area has been to improve the blue response of

the cells. This has been mainly achieved by shallower diffusion depths

coupled with improved grid structure design.

Cell thickness was varied from 7-15 mils. No significant decrease in

efficiency of these cells was observed. The opinion is that thinner cells

can be fabricated and breakage problems of thinner cells can be solved.

An experiment was made to d_t_im_ine the effect of efficiency as a

function of area. Silicon web material was cut in different lengths of

2 cm, 3 cm, 4 cm, 5 cm, 6.0 cm, 15.0 cm and solar cells fabricated on these

using the conventional process. There was no significant variation in the

efficiencies achieved on these samples. These were within + 5%.

Last, but not least, we would like to mention that we have a process

to fabricate solderless cells. Slide 3 shows the characteristics over

some of the N/P conventional solar cells. Solderless solar cells result

in weight reduction and high temperature contacts suitable for integral

quartz covers.

A-5°4-1
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Advantages

One of the major differences in our development is the use of silicon

webbed dendrite materials instead of the conventional silicon crystals.

There are several advantages of using silicon webbed dendrites, among these

the major one being the fabrication of large area solar cells, i cm wide by

30 cm long. Silicon webbed dendrite material is grown to the desired width

and thickness and the material is ready for fabrication after the dendrites

are trimmed and the web cut to suitable lengths. When one compares this

with the Czochralski pulled crystals, the material savings in the fabrica-

tion become apparent. The present standard silicon web solar cell can

compete with other cells in cost. The cost would only be increased by 104

when using drift-field solar cells.

A-5°4_2
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SLIDE 1

BALLOON FLIGHT CALIBRATION O_FFWESTINGHOUSE WEB DENDRITE SOLAR CELLS

PLATE NO.

2A

2B

4A

4B

6A

6B

7A

7B

10A

10B

IIA

lIB

CELL TYPE

Convent iona i

Drift Field

@

TUNGSTEN 3

11.62

12 072

12.05

12.22

11.97

ii 48

I0.82

EFF IC IENCY

®

SUNLIGHT 4

I
i

I0.78

10.72

i0 _20

i0_80

9 °80

11.21

12.20

II.79

11.94

12 50

12.32

I0.82

Ii.00

NA

I0 o61

NA

NA

J, P.L_

TABLE _
MDUNTAIN b

9 o47

i0 •18

I0.13

9 _20

10.61

10.31

J.P.L,

BALLOON

MEASUREMENT 5

9.39

I0 •12

i0 •I0

9 °09

I0.47

10.36

8090

9,22

8090

9.01

9.42

8°86

9.01

9.17

8.79

8o71

9337

8.73
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SLIDE 3

TABULATION O__FFSOLDERLESS SOLAR CELL DATA

PHYS ICAL CHARACTERISTICS ELECTRICAL CHARACTERISTICS

Cell No_

*Area
Length Width

Cm 2 Cm Cm

IQ-2A 13.86 15.4 1.0

IQ-2B 13.86 15,4 1.0

IQ-7A 13068 15.2 1.0

IQ-7D 13.68 15.2 1.0

IQ-II 13.77 15.3 1.0

VOC ISC Vm n

Volts ma Volts 7.

0.54 410 0.42 11.36

0.54 420 0o38 i0.55

0.53 410 0.40 i0.8

0052 385 0042 10.6

0.54 435 0.44 12.2

*Effective Area Ouly .9 (LxW)
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Abstract

Progress in the ion implantation process for producing N on P solar

cells has advanced to the stage where production methods are being

developed, lon implanted cells are presently competitive with diffusion

produced cells in conventional materials. Air mass zero efficiencies of

113 have been achieved even though the process is not yet optimized. A

high current production machine capable of producing i0,000 cells/week

has been constructed and is being applied to further cell development.

The implantation technique is currently being adapted to the fabri-

cation of dendritic material cells where air mass zero efficiencies >9.3_

have been obtained. Recent developments in this area, with respect to

material (co_nercial), and fabrication techniques will be discussed.

Investigations have been carried out on fused silica integral cover-

slips and compatible antireflection coatings. The latter have involved

single layer coatings with indices of refraction more nearly optimized

for cover-slipped cells than SiO. It can be theoretically shown that this

technique may produce cover-slipped cells with higher efficiencies than

non-cover-slipped cells.

The overall objectiv@ of this Air Force supported program is the

assimilation of the above techniques into a method of fabricating integral

cover-slip i by 30 cm dendritic cells. Possibilities for achieving this

goal will be briefly discussed.

or
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I0N IMPLANTATION AS A PRODUCTION TECBI_IQUE

J. T. Burrill, W. J. King, S. Harrison

lon Physics Corporation

Burlington, Massachusetts

Introduction

The basic concepts on which the ion implantation process is founded

have been described in detail in prior publications.(l, 2) The ultimate

objective of this Air Force Aero Propulsion Laboratory (Contract

AF33(615)-2292) supported program has been development of a process for

producing very high efficiency silicon cells under high yield conditions.

Because of the inherent reproducibility and uniformity of the junctions

made by this technique and the automation potential, it is particularly

attractive as a means of fabricating cells from dendritic material.

Results in this paper concern investigations conducted over the past

twelve months on N on P-type cells made by implanting p31 in P-type Si.

In particular, the present status in terms of efficiency, spectral response

and radiation damage is given. Most of the data to be presented were taken

from cells made recently for a flight test to be conducted by the Air Force

in November 1965. Some modest investigations have been conducted on

integral cover slip cells with very encouraging results.

Finally, the implantation process as applied to silicon solar cells

has reached the stage where production techniques are being developed. It

is notable that the successful application of ion implantation in the solar

cell field has generated considerable int_'est in the process in the semi-

conductor industry for application to other devices and materials. Work

in these areas is being conducted at IPC and at other industrial and

university laboratories. The production apparatus to be described, however,

represents the first full scale application as a production process.

Production Techniques

Junction Profiles

In order to upgrade ion implantation to a production process, it was

necessary to change the basic method of varying the concentration profile

of the implanted ions and therefore of the junction. Control of the

profile relies on the basic phenomenon that heavy ions have a relatively

discrete range in matter. Previously the profile was controlled by fixing

the ion energy and rotating the sample in the beam.(I) This led to a flux

problem which could only be avoided by going to a system in which the ion

energy and current, and implantation time, are varied to obtain the proper

number of substitutional ions at each point in the surface region. All
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implantations in this method are carried out with the beamentering the
crystal at 7° to the (iii) plane and the sample position fixed.

Since all prior results were obtained using the sample rotating system_
it was necessary to test the validity of the new system. This was done by
implanting samples at four energy levels (80, 120, 160 and 200 keV) with
implantation times varied so that the envelope of the implanted distribution
would approximate the i00:i - linear fall-off (surface to junction) used in
the better cells madeby the rotation method. The straggle in the range of
the ions is sufficient to smooth the distribution between the energy peaks.

The impurity distributions of these samples were determined by the
anodization-etching technique coupled with sheet resistivity measurements.
As shownin Figure i, the distributions are sufficiently similar, within
experimental error, that the junction and cell characteristics were almost
identical.

Fabrication Procedures

Although many minor variations have been introduced into the fabri-

cation procedure during the optimization process, the same basic steps are

used for all cells. In this general procedure, the samples are first

lapped and the front surface is etch polished and then anodized to a depth

of approximately 1,000 A. After implantation the samples are annealed at

750°C for 16 hours and contacted on the front with Ti-Ag and on the back

with alloyed A1 followed by Ti-Ag. In our laboratory by using this

technique, the contact resistance has been reduced to an almost negligible

value on 10g-cm material. Finally an Si0 antireflective coating is applied

and the cells are tested.

The annealing process can be shortened if necessary. This was demon-

strated by annealing an implanted sample at temperatures from 200°C to 750oc

for periods of one hour each, and monitoring the sheet resistance after each

step using a conventional four-point probe. The resulting annealing curve

is shown in Figure 2. Subsequent heating of the sample for 16 hours at

750oc gave no further decrease in sheet resistance. Angle-sections also

showed no junction movement between the i hour and 16 hour anneals. Tem-

peratures as low as 700°C may be used with little effect on sheet resistance.

Cell Characteristics

Conventional Mate rial

The group of cells produced for the flight test although small (87) by

production standards, represented the first case in which a fairly large

number of implanted cells were made with the same parameters. One of the

finished panels is _hown in Figure 3. The cells were made from material

with the following characteristics:
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Material : Lopex
Resistivity: i0 _-cm
Thickness : 15 mils
Dopant: Aluminum
Lifetime : >iO0 _sec

The variable energy technique was used and the implantation (80 and
i00 keV) were done on the 400 keV Van de Graaff accelerator described
previously.(l, 2) Due to time problems associated with operating this
accelerator at relatively low energies, these cells were madewith junction
depths slightly deeper (0.5_) than optimum for maximumblue response. A
fourteen-finger front grid configuration and SiO antireflection coatings
were used.

In setting up this_nall pilot line, a problem was encountered initially
in the soldering step. After this problem was solved, a high yield of high
efficiency cells was obtained as shownin Figure 4, which gives the tungsten
efficiency distribution. The AMOefficiency of 70_ of these cells was i0_
or better with somecells better than Ii_. The center of the distribution
was about i0.5_. AMOefficiencies were obtained using a method similar to
the Bell Laboratories' technique but with the filter -wheel replaced by a
Bausch and Lombgrating monochromator. Curve factors on these cells
averaged 0.74 to 0.75 with somecells as high as 0.77.

Spectral response curves of these cells are shown in Figure 5- For
comparison, the spectral response obtained on cells with implanted junctions
of 0.25_ depth is shown. The slight red shift was due to a difference in
the characteristics of the bulk material used to makethe two cells. The
improvement in blue response that can be achieved is clearly evident.

Dendritic Material

The general process described previously has been used in investi-

gations on dendritic material with the major exception being the use of

the as-grown surface. Cells made with Westinghouse material using a 0.5_

junction depth have shown AM0 efficiencies of >9-3_. Cells made with

commerical material have had somewhat lower efficiencies with primary

limitation appearing to be the material. Over the period of a few months

in which we have been studying commercial dendritic material, the material

being delivered has shown some slight improvement in characteristics.

Handling this material presents problems at present because of breakage

due to crystal faults.

Figure 6 shows the relative spectral response of some dendritic cells

compared with a similarly implanted conventional material cell. There is

a wide variation in response above 6,000 A depending on the particular

dendritic crystal, with an apparent tendency for better response with

lower dislocation density and less slippage. This curve also shows an

apparent increase in blue response for the dendritic material which occurs

because these are relative response curves normalized to the peak value.
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However, there is no apparent technical reason why, with future material
improvement, competitive cells cannot be produced from dendritic material.

Coatings

Investigations have been carried out on antireflection coatings and
fused silica integral cover slips. Antireflective coatings for silicon
cells should be peaked around 6,000 A to maximize the peak of the product
of the solar photon spectrum and the photon response spectrum of a typical
cell. The antireflective characteristic occurs whenthe reflections from
the upper and lower surfaces are of equal intensity and opposite phase.
The equality of reflected intensity is set when the relative refractive
indices at the top and bottom interfaces of the coating are equal. This
occurs when the well-known condition

nlayer =

is satisfied_ where no is the index of air for a bare cell or of the cover
slip or adhesive on a cover-slipped cell.

SiO meets this condition fairly well for a non-cover-slipped cell
since

nsi 0 : 1.95 _ _i x 4

Wehave been attempting to optimize the situation for a cover-slipped
cell in which case the antireflective layer should have

n _ _1.45 x 4 = 2.41

Using evaporation and high vacuumsputtering techniques, several materials
have been investigated as the n : 2.41 intermediate layer, inclu@ing TiO2
and SiC. TiO2 has proven effective downto approximately 5,000 A but has
showna tendency to cut off below this wavelength which is about 800
higher than expected. SiC has been difficult to locate in the purity and
form necessary for sputtering and for the material available has in general
showna tendency to relative]_ high absorption.

Whencover slips, both integral and normal, are applied to SiO coated
cells, the color almost disappears. Whenapplied to TiO2 coated cells
there is a gain in color and efficiency over the range of effectiveness.
These titania coated cells were of approximately equal efficiency to SiO
coated cells whencover slips were applied. The lack of efficiency
increase was due to the high (5,000 A) blue cut-off. Coatings of indix
2.4 which do not have this cut-off should provide the best single-layer
antireflective coating for use with cover slips.

Integral cover slips of approximately i mil thick fused silica have
been applied to 8 cells using an IPC high vacuum(2 x 110-6 torr) sputtering
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apparatus. Excellent adherence of the coating is obtained. These coatings
have been thermally cycled from +100°Cto -lO0OCwithout cracking or
peeling. There is no change in the curve factors with application of these
coatings. Starting with cells with tungsten efficiencies (2800OK) of 11.2
to 12.3%, final cell efficiencies of 10.6 to 11.6% tungsten were obtained.
The loss in efficiency was primarily due to absorption in the coatings.
This absorption was due to impurities and can be eliminated with more
refined techniques.

Radiation Damage Investigations

A comparative investigation of solar cells irradiated with i MeV

electrons at fluxes up to 1.8 x 1016 electrons/cm 2 has been _a@e. Details

of the investigations are given in a recent contract report.

One comparison was between cells produced by i-PC and other manufac-

turers. The TP_C cells and those of two of the manufacturers had i0_ -cm

base material while the other manufacturer had i_ -cm base material.

Results of these tests, given in Figures 7 through i0, show the superior

radiation resistance of the i0_ -nm material as observed previously by

other investigators. No appreciable difference was observed within

experimental error between cells produced by implantation and those

produced by diffusion.

A comparison among IPC cells only also gave an increase in radiation

resistance with increasing base resistivity, as shown in Figures ii and 12.

This comparison was made as part of a study currently being conducted on

the effects of bulk dopant, resistivity, lifetime and crystal growing

techniques on radiation resistance. It was felt that the implantation

process would help in the elucidation of the effects of these parameters

since the process has little or no effect on bulk material characteristics.

No detectable difference in radiation resistance was observed for cells

implanted at ambient or LN 2 temperatures.

Of special interest is the preliminary result that there was a larger

decrease in Isc for the aluminum doped cells than for the boron doped cells

but almost equal decreases in efficiencies. Both of these sets of cells

were i0_-cm and had lifetimes greater than i00_ sec.

Production Apparatus

As described previously, most of the earlier work on this program has

been conducted on Van de Graaff accelerators because of their inherent

stability and energy control. The Van de Graaffs being used are, however,

inherently unsuitable for production of large area devices such as solar

cells, because of their limited current capability (<i _amp/cm 2) for boron

and phosphorus beams. As the energy range of interest for this work got

narrower, it became possible to design a production apparatus with higher

ion current capability.
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An implantation apparatus, shownschematically in Figure 13, has been
designed and built which operates on the variable energy technique rather
than the older rotating sample technique. This machine consists of an IPC
high-current, low-density plasma ion source, a pre-acceleration analyzing
magnet and a sample implantation chamber.

The source is run on a phosphorus-containing gas. A large diameter
p31 beam is drawn from the source at approximately 5 keV and passed through
the analyzing magnet to removeundesired impurities. After analysis the
ions are accelerated on to the samples at energies up to 150 keV by volt-
ages applied to the sample holder. The high voltage is supplied by a
single stacked rectifier power supply coupled to the sample holder through
the chamberwall by an 1-PCbushing.

Profile programming is accomplished by varying the input voltage to
the high voltage supply and the implantation time. The sample holder, which
can be maintained at temperatures from LN2 to ambient, is a six-sided drum
with each side (5 cmby 15 cm) being capable of holding 70 cm2 of cells for
implantation. The cells are mountedat 7° to the incoming beamdirection
to avoid channeling. One side of the drum is scanned in front of an
aperture which limits the large diameter beamto a uniform 2 by 6 cm area.
This therefore gives uniform implantation of all ce] Is on one side. The
scanning rate of the samples (6 inches/sec) is fast comparedto the time
in which the high voltage is varied so that all cells on the side see the
sameenergy variation. After one side is implanted the drum is indexed to
the next side and the implantation procedure repeated.

This system has a stainless steel ten-inch diffusion pumpsystem with
a continuously refrigerated optical baffle. Pumpingspeed is sufficient
to allow a cycle time of one hour for sample insertion, pumpdownand sample
removal. The implantation time varies depending on the desired junction
characteristics. For a uniform distribution of 1021 ions/cm3 throughout a
0.5 _ layer it will take approximately 12 minutes/side or 72 minutes for
all six sides. Allowing for overscan of the sample holder increases the
total implantation time to about 1-1/2 hours and the total cycle time to
2-1/2 hours.

This time is based on an already available i mAp31 beam (83
amps/cm2 over the 2 by 6 cm area) and a 15 cm long sample plate. Each
sample plate holds thirty-five i by 2 cm cells and therefore 6,300 cells
can be implanted per week assuming a two-shift operation. If the longer
(30 cm) plate is used, or the beamcurrent increased, the system will
implant well over i0,000 samples per week. Both of these changes can be
madeon this machinewhenever necessary.

The sampleholder has been designed to accommodatei by 15 cm
dendritic cells and maybe converted to handle i by 30 cm cells. An
economical dendritic cell production process could be set up if sufficient
high quality dendritic material were available.
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Figure 14 gives a view of the actual apparatus showing the electronics,
sample implantation chamberwith bushing and clean bench for loading the
samples. The entire apparatus is mountedon a bench in the IPC chemlab in
order that a line maybe set up around it. At present, the machine is in
the final debugging stage and someexperimental cells have been produced.
Pilot line runs will be madein the near future for further optimization of
implanted cells through improved profiles, lower sheet resistivities, and
shallower junctions.

Conclus ion

The present status of the ion implantation process as applied to solar

cells has been described. Cells are currently being made by implantation

with efficiencies equivalent to those of the best production line diffusion

cells. An inherent high yield capability has been demonstrated although

this has not been tried on a production line basis. Further improvements

in implanted cells are possible, and significant progress could be made in

dendritic material if enough good material were available. Finally, the

implantation process has reached the stage where a production line can be

set up.
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Pig. 3 Experimental Solar C e l l  Panel 
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Discussion

0man: Thank you Mr° Burrillo Now, are there questions?

Weiner - RCA: i have several questions. One, what is the dimension of the

cells you make?

Burrill: '___heseare all i by 2 cm cells°

Weiner: Thank you° Secondly, you mentioned that you normally anneal these

cells at 700 degrees for 16 hours_

Burrill: 750 at present...

Weiner: You alsoooo

Burrill: Right.

Weiner: In other words, 600 degrees and annealing times as short as an hour.

Burrill: Right.

Weiner: What are the effects of these lower temperatures at shorter times?

Burrill: In that slide I think I showed that the annealing temperatures below

about 700 degrees do not a_meal completely. In other words, all the phosphorus

ions implanted do not take up substitutional positions. At about 700 and above,

they do, so that for optimum solar cell use, 700 probably would be about the

minimum for annealing.

Weiner: And you mentioned that the time ca_l be reduced...?

Burrill: The time can be reduced. That was about an hour, and going from

one hour to 16 hours gives no change in shape or decrease in sheet resistance.

Weiner : I see°

Kaye - EOS: You_ntioned life tlmes before implantation of about i00 micro-

seconds° Do you have any feel for the life t_me after implantation, and

secondly, woald you care to make some comments on the economic aspects. I

understand you can make about 630 cells in an 8-hour sh_ft on this machine.

How would this compare in price wlth a - let's say a conver_tiona! diff_Jsion

furnace which co_ud probably make a somewhat larger nmmber of cells per shift?

Burrill: In answer to your first question_ we have measured the life time

after implantatior and anr_aling, and there's no change.

Kaye: You're saying you st_!i have i00 microseconds?
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Burrill: On the particular lO0 microsecond samples I can't say - those samples

were the most recent and I haven't gotten the measurements back on them.

Kaye: Could you give us some further comparison before and after, then?

Burrill: Right. I can on data that we have on other cells, in which the
life times start in the range of 20 microseconds. Those particular cells

were measured before and after, and there was no change.

Kaye: How about the economic aspect?

Burrill: On the economics - we haven't, as I said, set up our production

line at this stage, but there's no reason why it shouldn't be just as

economical, if not more so, mainly because...

Kaye:...how about the capital cost of this machine, say compared with a
3 to 4 thousand dollar diffusion furnace which would have probably a higher

output?

Burrill: Well, I don't know whether we want to get into the complete
economics of it...

Kaye: Well, I think this is important. I mean, at this point you're saying
you can make cells that are equivalent and you haven't made any projections

that you can make better cells, so that the only advantage would appear to

be one of cost, at this point, anyway.

Burrill: I think it's both. I think we did say that we can make better

cells and that we have better control over the Junction profile and that

we can have better yield because of better control over this junction.

And, also, it can be economical because one machine can produce lO,000 per

week, and...

Kaye: But that's compared with the five thousand dollar diffusion furnace...

Burrill: But the difference isn't that much.

Kaye: Well, the only question I'm asking...do you have any idea...

Burrill: The mechanical parts of this machine will run somewhere around

$25,000.

Kaye: Thank you.

King - IPC: The cost of the machine and parts is something over $20,000,

with something like six months of a technician's time involved in building

that apparatus. On the capital write-off; that machine can be used for a

great variety of projects. It can be used to implant almost anything. It

can be used to implant solar cells, radiation detectors, and many of the
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other devices that we are making. Now_ the capital cost, which can vary - I

couldn't finalize it now - but it would be somewhere between 25 and 50,000 dol-

lars to reproduce that machine on a production line basis - is not a deterring

factor. This is a machine which will run ad infinitum. If you look at almost

any production line, introducing a 25 to 50,000 dollar capital invest_lei_ •

isn't that much. We appreciate the fact that the machine itself costs more

than a diffusion furnace. But I think when one wants to make a comparison on

how much a production unit is going to cost, one has to look at all aspects.

You have to look at yield figures, you have to look at write-off on all your

capital equipment, everything else that goes with it. You can't look at the

machine itself - it's part of a process.

Voice: You use a diffusion furnace anyway to bake them.

King: The furnaces we use to bake these are nothing complex - nothing in com-

parison to good diffusion furnaces.

Oman: Maybe we should go into the technical aspect. There's a question in

the back row.

Weiner: I'd like to pursue the financial one for a moment. (laughter) In

the context of the question this morning, what would a 2 by 2 cost based on

a lO0,O00 lot?

Burrill: I don't think any of them were particularly explicit on this either.

(laughter)

Prince - EOS: I'd like to get back to the technical aspect, if you don't

mind. You mentioned that you anneal at 750 degrees for 16 hours.

Burrill: Right.

Prince: Have you made any analysis of the distribution of impurities in the

vicinity of the junction?

Burrill: I think my first slide showed the distribution.

Prince: I see. Okay. I'ii try to get with you later.

Medved - EOS: I would like to pursue that question just one further step.

Is it clear whether or not you're getting radiation enhanced diffusion?

Burrill: Yes° It's fairly clear that we're not. In other words...

Medved: On what basis do you make that statement?

Burrill: Because the implanted profiles, which we calculate when we want

to implant and those that we measure after implantations are_ within ex-

periods+a! error, the same.

Medved: You measure the profile before implant - before annealing?
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Burrill: We theoretically calculate what we're going to implant and then

we measure after the annealing step what was implanted. These are identical

within our experimental error.

Medved: Well, we'll have to pursue that in private, but one further question

in the same area; it also ties back to the original questions on economics.

It wasn't clear tome what kind of stability requirements one will have in

a machine of this type where you're moving a sample in a beam of reasonably

small area compared to some of the large-area, large-diameter beams which
are now available. I'm talking about beams which are hundreds of square

centimeters of high uniformity and extremely high stability which have been

employed in other programs, as you all well know. In this case, you have a

beam which is no more than a few inches across, and you're making a sample

traverse across it over a period of some time. What is the stability in this

beam? And its uniformity?

Burrill: The stability is very good, and uniformity...

Medved: "Good" is not a scientific answer. I'd like to know what your

stability is. (laughter)

Burrill: The stability, I don't know in what form you want to put it, the
beam variation versus time?

Medved: Beam variation per hour.

Burrill: Beam variation is within a few percent over a time. And, as I

said, the scan rate is 6 inches per second, which is quite rapid, consid-

ering the time of implantation.

King: It's absolutely irrelevant anyway, because it has nothing to do with
it; a few percent of even 10% or 20% variation of that beam current has no

effect on the cell. It's quite obvious if you look at the profile and

consider what effect it's going to have on the cell performance, a 10%

variation at some point in that curve is going to have no effect at all on

the cell performance. The machine is designed primarily as a production

apparatus. Now, if you want to design a research tool, go ahead. Now, we
have research tools around which work pretty well. We have Van de Graaffs

which we use for research in order to define the device parameters which

are controlled, as you know, to i kilovolt in 400 kilovolts, or 1 kilovolt

in 2 Mev, with very good current control. But the point is, this machine

is designed as a productive apparatus; it's made to produce cells cheaply

and in that context it is quite adequate in every respect. If you want

us to go into exact details, I think some of them are what we consider

proprietary, and the ones that we don't consider proprietary, we give.

0man: I propose that you and he fight afterwards. (laughter) We'll have

one more question.

Rappaport - RCA: I'm always concerned about the $64 question which comes
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up with respect to ion implantation, that is, how much of it are you getting

from the diffusion and how much are you getting from the acceleration o£ the

ion into the semiconductor° Have you done the following experiment.?

Apparantly you can operate from something like 80 kv up to a few i00. Have

you tried looking at llke 80, 150 and 200 kv with the same current coming in-

to the ion current going into the s_m_ie and then diffusing all of them under

the exact same conditions and then see if your profile is indeed different?

Burrill: Yes, we have.

Rappaport: And the other question is: Have you tried just holding your

annealing temperature to about 400 .degrees even though it may take a long

time, _here probably you get less aiffus!on, much less tha_ you would at

700? Because ! think you can get solar cells with phosphorus baked at 7 to

750 for, you know, 20 to 30 minutes.

Burrill: ! think one thing I did say was that one hour is sufficient and that

we see no change in that extra time°

King: We have actually done very elaborate experiments in order to determine

whether or not the concentration gradient changes a function of annealing time

and implanted concentration, l'm givi_ that the latter part of this week

at the IEEE meeting over at the Sheraton Park.

Rappaport: Could you discuss this a little.

Ki_: Sure, if you. want me to. The point is this; if one looks at a standard

distribution curve for implanted ions of a given energy, one gets a Gaussian

distribution with a mean range and a certain straggle, or peak width at the

half-height. The junction depth is determined by the point where the active

implanted ,concentration, after annealing, equals the number of impurity ions

corresponding to the background resistivity. For this purpose, it is important

to note that almost all of the ions we implant become substitutional after

annealing. By controlling the number of ions implanted per cm2, one can control

the absolute height o£ the distribution, and the cross-over point, or junction

depth. Therefore, by controlling the number of ions one puts in_ and the im-

plantation energy, one can predict the junction depth as a function of energy.

Now, we have done experiments by first _.:_.]_+_r__,.,.....e, a given n_Imber of ions/cm _ -

in some uses with a re,_ete_in_8 controi_e _ distribution - in which we suc-

cessively anneal at 400 °, 500 ° and up to 900 _ C_ measuring the junct.ion depth

1_ e -after each an: ,alo Within the accu.racy of our experiment (approximately o
0.i micron _.,,we see no detectable differe_ce i_ junction depths from a 600 to

a 900°C aLuueal. We see a slight decrease in slheet resistivity from 600 ° to

700°C as shown by the slide sho_^_ previously° We standardly a_meal our solar

cells at 750 C eor 16 hours s i_@iy be_ause it happens _o be convenment. We

put them in overnight, and take them out next morning° Returning to the junction

Aulhor's note: This section has diagrams on a blackboard; it has been re-

written to avoid including diagrams.
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depth; one gets as a function of background resistivity, a family of curves

(for a given implanted ion concentration) of junction depth versus implanta-

tion energy. Our experimental data agrees quite well with the calculated

curves. So the standard range - energy curves which people have derived

over a long period of time are quite effective in predicting junction depth

and in predicting distributions that one achieves.
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SOLARCELLSFROMEPITAXIALGALLIUMARSENIDEONGERMANIUM

K. H. Maxwell, L° C. Bobb, H. Holloway, and E. Zimmerman
Philco Applied Research Laboratory

Blue Bell, Pa.

Introduction

While gallium arsenide solar cells have some specific advantages,

particularly for high temperature conditions, enthusiasm for the devices

has been tempered by their high cost. The cost is due, largely, to the

fact that good quality, single crystal gallium arsenide is expensive.

Consequently, there has been much interest in the possibility of using

epitaxial techniques to put down thin layers of GaAs on suitable substrates,

Single crystal germanium is an obvious choice as a substrate for gallium

arsenide deposition, principally because of the very small lattice mismatch

between the two materials and the closeness of their coefficients of thermal

expansion. Various methods have been tried in attempts to achieve epitaxy

but the layers, while good by the normal standards applied to epitaxial

films, are not perfect enough for the fabrication of semiconductor devices.

This paper describes the techniques of preparation and characterization

that have been evolved to produce high quality GaAs films on germanium

substrates and the characteristics of some diodes that have been prepared

in the epitaxial layers. Comparison is made with results obtained from

epitaxial GaAs grown on single crystal gallium arsenide.

Preparative Method

The preparative method is a chemical deposition technique that has

been used previously for the growth of GaAs films on GaAs substrates.

The essentials are as follows: Pure hydrogen gas was bubbled through

AsCIR at room temperature (vapor pressure N i0 torr) and passed over
metallic gallium which was held in the hot end of a two zone furnace.

The resulting gaseous mixture then passed over germanium blanks (I cm

by i cm) at ti_ cool end of the furnace_ whereupon GaAs was deposited
on the substrates.

Deposition Conditions

The effect of varying the preparative conditions was studied and
the results are summarized below.

a. Temperature. The gallium boat was always held at 900°C while

the temperature of the substrates was varied between 700 ° and

800°C in 10°C intervals. The best deposition was found to occur

at around 760°C; below 730°C there was a definite decline in

crystal perfection while above 780°C there was a drastic

deterioration of the layers.
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b. Flow Rate. The best range for flow rates in the one inch (O.D.)

quartz tube was 200-40Occ/minute. Lower flow rates than 200 cc/

minute produced poorer epitaxial layers while increasing flows

over 4OOcc/minute yielded diminishing amounts of deposition and,

eventually, net etching of the substrates. Typically, the

deposition rate was 50-70 microns GaAs per hour.

Co Saturation of Gallium with Arsenic. It was found necessary to

saturate the gallium with arsenic before using it in a reaction,

otherwise arsenic did not transport down the tube but merely

dissilved in the gallium. The solubility was about 2 molar percent.

do Introduction of Reactants. It was found important that the AsC13

flow should be started over the substrates before inserting the

gallium boat. The initial deposit was thus formed in the presence

of a considerable excess of arsenic.

Crystal Perfection of the E_itaxial GaAs

Perfection of the epitaxial layers was evaluated by measurement of the

width of the Bragg peak using a double crystall diffractometer. With a low

dislocation density germanium (ill) first crystal and CuK_ 1 radiation, the

layers prepared under optimum conditions exhibited rocking curves similar

to those from bulk GaAs and with widths differing by less than ten percent

from that calculated from the Darwin-Prins equations.

We have found that the width of the X-ray rocking curve provides a

useful, though semi-empirical, measure of perfection which correlates

well with the device quality of the epitaxial layers. Thus, poor quality

layers contain large numbers of low-angle boundaries which provide paths

for anomalously rapid diffusion of dopants hence degrade the quality of

the diode. The presence of these low-angle boundaries is indicated by

an increase in the width of the X-ray rocking curve. The rapidity with

which the X-ray measurement can be made has proved invaluable in opti-

mization of the conditions for growth of gallium arsenide on germanium.

Orientation Dependence of Perfection

We have found that growth of good-quality arsenide on germanium

requires careful selection of the substrate orientation. Attempts to

grow the G_dAs on a Ge(lOO) or (llO) substrate give poor quality layers

because the GaAs can nucleate in two orientations both of which are

parallel to the Ge substrate but whidh differ in the arrangement of their

polar <lll> axes; this is true of growth of GaAs in any nonpolar direction.

With growth of the GaAs in a polar direction, one may have a difference

in energy between the nuclei of the two kinds of parallel oriented nuclei,

(the nuclei maybe distinguished as having their A or B faces next to

the substrate). However, growth on Ge(lll) does not lead to high-quality

layers. We suspect that this may be a consequence of residual contamination

in the epit_xial growth system. Thus, none of the three low-index faces of

Ge have given high-quality epitaxial layers. In an attempt to compromise

between the subs_rate orientation-dependent occurrence of doubly oriente@

nuclei and the residual contamination, which we would also expect to depend upon
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substrate orientation, we have grown layers upon Ge substrates with
orientations intermediate between the polar (!ii) and the nonpolar
(i00) faces. This has led to high-quality epitaxial GaAson Go. The
optimum substrate orientation is not yet well-defined. Most of our
work has been with Ge(3!l) but we have also obtained good results with
Go(511) substrates.

Electrical Properties

Studies were made of the electrical properties of the GaAs films

epitaxially deposited on Ge and GaAs substrates. The approach used was to

fabricate junction diodes in the film and deduce the electrical properties

of the material from diode analysis. Diodes were prepared by diffusion

using a sealed tube containing both As and Zn maintained at a temperature

of 720°C for one hour. Angle lapping and staining showed a flat parallel

junction approximately 2 microns deep. Standard techniques were used to

fabricate mesa diodes. Junction cleanup was accomplished by chemical

etching and measurements were made directly on the diodes without any

further surface treatment. Detailed I-V plots were made of the diodes

as were C-V measurements. The C varied as the inverse square root of

V indicating that these are abrupt junctions and the barrier height was

found to be 1.25 volts. The I-V measurements were made as a function of

temperature f_om 77°K to 300°K and a_ove 150°K the forward characteristic
showed an eqV/nkT dependence with n _ 2.

The characteristics of a diode fabricated in the GaAs film deposited

on Ge(311) are shown in Figure i. If the forward characteristic is

extrapolated to zero volts_ a space charge generated current of about

6 x 10-13 A is predicted. Using the Sah_ Shockley_ Noyce assumption and

combining this space charge generated current with theldiode area and the

diode zero bias capacitance a value of lifetime (TDTn)_ of 2.5 X i0 -I0

was calculated on this diode. In the upper right hand corner is the curve

tracer photo of this diode showing a diode breakdown of 5 volts.

In Figure 2 is shown the characteristics of a diode made from GaAs

deposited on _ G_s substrate of (ii0) orientation. The epitaxial film

for this diode and for the one shown in Figure i were deposited s_mu!-

taneously. The same type of analysis showed a space @_arge generated
current of 3.5 x 10 -12 A; and a lifetime of 6°5 x _.0-±u. ___e reverse

breakdown was 15 volts° The donor concentration was found to be 3.2

x 1015 in this case, whiie_ for the diode (Figure I) where the substrate

was _e rather than GaAsj ND _ 1.9 x 1017 . This difference can be attributed

to Ge doping of the film deposited on C_.

This analysis indicated that GaAs epitaxed on Ge substrates was of

good quality both metallurgic_lly and electrically and should be adequate

for solar cell fabrication. The fabrication process used for the GaAs

solar cells was as follows° _n._heepitaxed wafer of GaAs on Ge (icm by i cm)

was cleaned and given a light chemical etch before the junction _s formed

by diffusing zinc° The j_nction depths after diffusion were 1-2 microns.

<'he back (C_ side) and edges were lapped and chemically polished to remove
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the back junction before the bottom contact was made. This contact
consists of a Sn-Bb deposit. The top contact which is Au-Ag is then
evaporated. At this point we alternately etched the junction and tested
the cell using a lO0 mw/cm2 simulator to optimize the junction depth.
While it has been possible to makea number of i cm2 cells using this
technique a problem arose in the majority of large area cells. Many
of the large cells showeda shunt resistance which, while it could
be eliminated by continued etching, usually resulted in the junction
depth being reduced until it was too shallow. At this point while
the VOCmeasuredwas on the order of 0.8 - 0. 9 V the ISC was so low
as to make the cell useless. A numberof i cm2 cells which showedthis
shunt resistance initially were cut into smaller area cells (i0 -I cm2)
instead of being subjected to vigorous etching. Inmost cases it was
possible to locate the area which was responsible for the shunt. Ex-
amination of the problem area has not yet revealed the cause of this
shunt resistance.

Figure 3 showsthe _-V characteristic of one of the GaAs-Gecells
that was cut from a i cm_ cell which showedthis type of resistance.
Efficiencies of 7-9%were typical values for these small cells. No
particular effort was madeto optimize the cell structure, i.e., no
grid structure contacts were used nor was any attempt madeto use an
antireflection coating. Thus, further improvement is possible even
with the present films.

Conclusions

We have demonstrated that GaAs may be grown heteroepitaxially upon

Ge to give diodes with properties equivalent to diodes in bulk GaAs.

This could make possible the production of GaAs solar cells at a cost

significantly lower than is possible using bulk GaAs.

There remains a major technical prohLem. Our diodes have been made
with small areas and attempts to extend the work to areas around i cm 2

give diodes which are shunted. This behavior is similar to that caused

by low-angle grain boundaries which provide a rapid path for diffusion

of the Zn depant down to the Ge substrate. However, examination of

these layers by X-ray topography fails to reveal grain boundaries.

We speculate that the shunts are caused by failure to completely clamp

the growth to a single orientation. The boundary between the two or-

ientations is incoherent and would be expected to behave like a grain

boundary. We know that contamination can produce, even on Ge(311),

layers whose surfaces are mixtures of (311)A and (311)B, but detection

of small amounts of the second parallel orientation is difficult.

Work is in progress to check our hypothesis that the shunts are due

to double orientation and to attempt to eliminate them by growth under

more rigorously controlled conditions.
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Figure 1. Characteristics of Diode in Epitaxial GaAs on Ge,
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Figure 2. Characteristics on GaAs.
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Abstract lq 31 _

Photovoltaic ceils were fabricated by evaporating a thin copper layer

on low resistivity single crystal n-type cadmium sulfide° It was found

that the spectral response of the cells in the infrared _s enhanced by

as much as two hundred fold when the cell was illuminated by radiation

witlh energy corresponding to the en_'gy gap (green light). The enhance-

ment of the infrared photovoltaic response is attributed to creation of

additional minority carriers by transitions of electrons from the valence

band to impurity levels° These impurity levels were emptied by the green

excitation making infrared transitions to the impurity states more favor-

able. The net effect is the broadening of the spectral response of the

cello Transient measurements of the emptying and filling of the impurity

states were made by illuminating the sample from two monochromatic light

sources° The recombination statistics of holes was analyzed. A single

recombination level model was adequate to explain the results. Recom-

bination center concentration and hole and electron capture cross sections

were calculated with the results"

.3xlO 17 cm 3 1.2_I0-23cm 2 .08xi0-20 2N = i / , S = and S = 2 cm .
r n p
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IMPURITY PHOTOVOLTAIC EFFECT IN CADMIUM SULFIDE
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Introduction

High efficiency solar cells can be achieved with a proper material

which makes a better use of the solar spectrum. It has been proposed (1)

that the presence of impurity levels in the forbidden gap can facilitate

the generation of carriers by photons with energy lower than the gap

energy. Such possibilities are investigated in CdS single crystals.

Properties of CdS single crystal devices were studied. The crys-

tals had a high conductivity, 0.4/ohm-cm, a good mobility, 280 cm2/volt

sec., an electron concentration of 1016/cm 3, all values at room temper-

ature, onam_ow Lz'_p_ _d d_ _-_v_ levels w_ _-_--_-_

The photovoltaic effect (PVE) was studied in a Cu-CdS structure. A

thin layer of copper was evaporated onto one side of the crystals, with

no heat applied afterward. In general cells made this way were good

diodes and operated similarly to silicon pn junction solar cells when

illuminated. It is shown here that minority carriers were the origin

of the effect.

Spectral response curves were recorded. Response in the infrared

was fairly marked. It was observed that the response of the cell in the

long wavelength region was enhanced considerably when green light was

present. A model was derived to explain this effect. Impurity levels

were the origin of the enhancement. The relaxation processes of those

levels were studied from which basic parameters were calculated.

Single crystals of cadmium sulfide were supplied by the Clevite

Corporation, Cleveland, Ohio.

This paper is based in part on an Electrical Engineer's thesis

submitted to the department of Electrical Engineering, M. I. T.,

in June 1965.
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The PVEin Cu-CdSstructure has been observed by manyworkers but

there is no uniformity of opinion concerning the origin of the photo-EMF°

With the copper layer deposited by electroplating and no heat sub-
sequently applied, Williams and Bube_2)r_ argued that electrons are being

emitted from the metal side.

E. D. Fabricius "3_(_ argued, however, that electrons are coming from

the semiconductor side_ in other words excited in the depletion layer

mostly, and holes created conduct through the 3d copper level. However,

in this case cells were submitted to a heat treatment and some copper

had difussed into the semiconductor.

Woods and Champion (4) (5) supported, as well as Grimmeiss and Memming ,

this theory. One effectively has a pn junction at the contact. Copper

is believed to be an acceptor in CdS and a very thin layer of p-type CdS

is formed. The highest value of open circuit voltage reported is 0.63

volt.

D. C. Reynolds et al. (6) postulated the existence of an intermediate

band in the forbidden gap_ consistent with the model of conduction formu-

lated by Brosser et al. k7)__. Holes are believed to be bounded and cannot

migrate to the metal, but electrons located in the intermediate band are

assumed to be mobile and always in thermal equilibrium with the electrons.

It is also possible that one has here an heterojunction. Keating (_)

reported good rectifying properties with diodes made with Cu2S and CdS.

It is conceivable that copper has reacted partially with sulfur atoms to

form Cu2S. However in this case minority carriers would still be the

dominant effect.

It is believed in this work that minority carriers are the main

cause in the creation of the photo-EMF. The mechanism is similar to

that of a pn junction. Holes generated optically diffuse toward the

boundary layer, then are accelerated through the depletion region by

the existing static field. This model explains more satisfactorily the

results obtained. It is still open to question, however, whether one

B-3-2



PiC-S0L 2o9/6

has a pn junction_ in the sense that a thin layer of p-type CdS is formed_

or a metal-semiconductor contact_ or an heterojunction. Electron emission

from the metal is discarded_ or if it exists_ it should be a second effect

only.

Sample Preparation

Cut into the size of 5 by 5 by I mm, samples were polished, then

rinsed with ammonium hydroxide for about two or three minutes then

etched _2J with a strong solution of HCf and HNO 3 for roughly 30 sec. The

t %

copper contact was then evaporated onto one side, under a 1.5xlO "5 mmHg

pressure in a modified 18A Coater (Consolidated Electrodynamics). The

thickness of the copper layer on all samples was about 400A, 500A. Indium

contact was then made to the other face with an ultrasonic soldering iron.

Copper wire was glued to the copper layer with "silver paint"_ whereas

it was soldered directly to the indium contact.

The sample geometry is shown in Figure I. It is believed that

during the whole process no copper diffuses into the semiconductor. No

heat was applied except for a brief moment during the soldering of the

indium contact. A thin layer of copper is fairly transparent thus allow-

ing both front and back illumination.

It was observed often during the etching process that the two large

faces_ which are perpendicular to the optical axis were not alike. One

side was shiny, the other side was dull. Copper evaporated on different

sides had also a different appearance. A metallic look was obtained when

evaporation was done on the shiny side, a bluish look was obtained when

it was done on the dull side of the crystals.

It is believed that this behavior in II-VI compounds is similar to

that of III-V compounds. Gatos _9'I0) had observed two different types of

t _

surfaces in InAs, designated surface A and B_ with the orientation (511)

and (_T_)o Due to the crystal structure, layers of In and As atoms al-

ternate_ such that is one face is In atoms the opposite face is As atoms.

This kind of picture may be observed here. Copper might have reacted

with sulfur to give some copper and sulfur compound that has a bluish

look. It was observed that cells with this surface had poor rectifying
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properties. However_ when the copper layer had apparently not reacted with

CdS, the cells had good rectifying properties.

Recorded on the curve tracer, the V-I characteristic in the dark

showed good rectifying properties (Figure 2). In genera/_ the experimental

diode relation was found to be:

I = Is(eqV/AkT-l)

where A varies between 1.5 and 2.0.

(I)

It has been reported as high as 4.

Generally the reverse bias current saturated. A further increase in

reverse bias produced a gradual breakdown at about 10-15 volts.

Under illumination, the cell behaved similarly to silicon solar cells

(Figure 3)- The maximum open circuit voltage recorded was 0.4 volt when

the cell was illuminated by a focused microscope lamp. Cells deteriorated

when exposed to air, after a period of two months, the open circuit voltage

was reduced and the rectifying properties became poor.

Impurity Photovoltaic Effect

_Spectral Response and the Effect of Combined Radiation

Under weak illumination, the photovoltaic current can be written:

= Iso(eqV/AkT-i) = IsoqV/AkT (2)

This approximation is fairly good for V less than 15 mv. or so since A is

about 1.8. Open circuit voltage was recorded in all subsequent experiments°

The same set up for photoconductivity measurement was used to record

the spectral response of the cells. The signal, chopped at 13 cps, was

fed to an a-c amplifier then to the Speedomax G recorder. Responses were

then normalized to incident unit energy. Of more than a dozen cells made

and tested, a typical response is shown in Figure 4. For front illumination

(copper layer side), the response peaked at the energy 2°45 ev., which

corresponds to the band gap energy, then dropped off rapidly toward longer

wavelength. It also dropped off rapidly toward shorter wavelength because

the response is proportional to the number of incident photons and the curves

here were normalized to incident unit energy. For back illumination

(crystal side), the response cut off roughly at the band gap, because the
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crystal is an effective filter for wavelengths shorter than 0.51 micron.

However_ response in the long wavelength region was larger when illuminated

from the back_ probably because the copper layer absorbed some of the

radiation before it reached the junction whereas the crystals did not

absorb as much. A difference by a factor of two or three was usually

observed.

A secondary source of radiation simultaneously illuminated the cell

and the spectral curve was recorded again. In most cases_ no appreciable

change in response was observed. However_ one cell, subsequently desig-

nated Cell A, showed a very interesting behavior under secondary illumin-

ation. It should be noted here that the secondary illumination was a

d-c light_ whereas the spectral response was due to chopped light from

the Perkin-Elmer monochromator referred to as primary illumination. The

following observations were made:

As the wavelength of the secondary illumination was changed, the

primary response peaked when _11_ _ondaa-y _11_.__ ........... _ (n5 ]

micron)_ then dropped off on either side.

With green light as secondary illumination, the primary response was

much enhanced in the long wavelength region. A factor as high as 200 was

recorded. Figure 5 shows the striking difference.

As the intensity of the secondary illumination was increased, the

primary response increased accordingly. Figure 6 shows the ratio of the

response with secondary illumination (designated as activated response) to

the response with no secondary illumination (designated as dark response).

There are different peaks in the enhancement that shift noticeably toward

longer wavelength as the intensity of green light is increased. The

enhancement did not seem to saturate_ it probably would at higher green

light intensity.

A similar enhancement effect has been reported by Woods and Champion (4)

due to secondary illumination of wavelength equal to 0.9 micron_ and only

at 0.7 micron of the primary response. A factor of four was reported in

the enhancement of the short circuit current.
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The effect of the impurity levels of the PVEis believed to be

observed here. The presence of green light disturbs the equilibrium of

the impurity levels in such a manner as to give rise to an enhancement.

The rest of the paper is concerned with the investigation of this effect.

An attempt to explain it and to represent it by an adequate model will be
made.

Relaxation of Recombination Centers

The response in the long wavelength region is attributed to the pre-

sence of impurities in the forbidden gap. To study the relaxation processes

of those levels, i.e. the change in population of those levels with time

when the excitation is on or off, the following method was used, as illus-

trated in Figure 7.

This "continuous probing" method (II) is basically the modulation of

two excitations at two different frequencies so that by observing the total

signal on an oscilloscope screen_ it is possible to discern the effect

due to each illumination separately when they are both on simultaneously.

It is obvious that this method can be extended to more than two excitations.

The two different frequencies used were 13 cps and d-c light.

Different wavelengths were probed in this manner. It was observed

that they all behaved in the same way, with a difference in relaxation

time. Figures 8 and 9 show the result for k = 0.93 micron. Secondary

illumination was green light provided by a grating. Figure i0 shows the

relaxation for k = 0.63 micron. The relaxation time is about twice as

large (the relaxation time is defined as the time to reach half the steady

state value). Due to the long relaxation times observed, the secondary

illumination was turned on and off manually.

The following conclusions are made:

i. The presence of green light (d-c) enhanced considerably the

infrared response (13 cps) as was recorded before. T%is method,

however_allowed the direct observation of the relaxation processes.

2. Relaxation tJ_e is relatively long_ compared to visual pheno-

mena observed in semiconductors, it varies between 0.5 sec. and

1.0 sec.
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3. The difference between the lower and upper envelope is obviously

the relaxation of the level corresponding to the wavelength

being used.

4. Difference in relaxation time means probably that the levels are

discrete, having different relaxation constant.

In order to see the effect of the infrared on the green, the infrared

beam (13 cps) was turned on when the response to green light had already

reached a steady state value. Figure ii shows the result. A large tran-

sient was observed in the infrared response, whereas the green response

was decreasing slowly (lower envelope). This transient behavior was not

observed when no secondary illumination was present. It was also observed

to vary in relaxation time for different wavelength.

Population of Recombination Centers and Minority Carrier Lifetime

The previous observations can be explained in qualitative terms as

follows: The presence of green light depopulates the impurity levels

(Appendix I); as a result two things occur:

1. More states are available for transitions from the valence band;

the quantum yield is then increased and more holes are created

for the same number of photons.

2. Since hole lifetime is inversely proportional to the number of

electrons in the recombination centers, assuming that all recom-

bination processes are ir_irect_ it also increased correspondingly.

For a quantitative analysis, an energy band diagram is shown in Figure

12. The generation rate_ g, is due to green light and f due to infrared

light. They are both assumed to be constant. It is also assumed that

most of the infrared excitation is from the valence band to the impurity

level.

Under equilibrium condition g = 0, f = 0 (Appendix I):

Rct= rcnoPro , Rtc = rcnron I and Rct= Rtc (2)
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Rtv = rvnroPo , Rvt = rvProPl and Rtv = Rvt

For the condition g _ 0, f = 0, we have:

g = Rct - Rtc =Rtv - Rvt

where Rct = rc(no+An) (Pro - Ant)

Rtc = rc(nro+Anr ) (nl)

Rtv = rv(nro+Anr ) (Po+AP)

Rvt = rv(Pro - An r ) (pl)

and the neutrality condition is:

An+ An = LiP
r

An and An r and Ap are the disturbances introduced by g.

For the condition g _ 0, and f _ 0, we have:

g = Rct - Rtc

f + g = Rtv - Rvt

where Rct = Re(no + _n+ An') (Pro - _nr - Anr )

Rtc = rc(nro+Anr+Anr ) (nI)

Rtv : rv(nro+_nr + _r ) (Po+_P + AP')

Rvt = rv(Pro- An r- An r) (Pl)

and the neutrality condition is:

An' + An r. = LiP'

(3)

(4)

(6)

(7)

(8)

(ga)

(9b)

(9c)

(i0)

An' and An' and Ap' are the disturbances introduced by f.
r

Combining Equation (2) with Equation (10), we obtain:

An r = An' Pro - Ant (ll)

no+nl+An +An'

and f : rv(nro+_nr+Anr ) (AP ') + rv(Po+Pl+_P+_kP') (An r) (12)

For small disturbances_ we see that using Equation (ii), the second term of

Equation (12) can be neglected, and finally:
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Ap' = flrv(nro+A n r+An r' ) (13)

= flrvNrfr (14)

where f is the Fermi factor for the impurity level:
r

f : i/(I + e[Er-Efr )/kT)

t %1

r

E is the location of the level in the gap an_ E
r fr

impurity level.

The following conclusion can be made: For a given f; AP ' could be

made to increase by depopulating Nr; in other words decreasing the Fermi

factor f . This process can be looked upon as increasing the hole life-
r

time; since normally hole lifetime is defined as:

_p' : f(Th) (16)

However for this effect to be appreciable; the Fermi level Efr has

to move down at least as low as E from the equilibrium location which
r

m'"_ _5_ &Z--u_ C _11a+_ _ _ ........... mh_ {m_1]_Vv ] _V_Is will be then almost

empty.

This will not explain the smaller enhancement in the region of wave-

length shorter than 0.51 micron. An increase in hole lifetime should

give an enhancement that is the same for all wavelengths. As shown in

Figure 6; such is not the case.

For a given number of incident photons; the number of excitations

from the valence band to the impurity level is proportional to the number

of electrons in the valence band and the empty states of the impurity

levels into which the transition may occur. This can be written as:

f = : fr) (17)

where K is a constant; N the effective density of states in the valence
v

band and Pr the number of empty states in the impurity levels. Since:

1 - f = f e(Er-Efr )/kT (18)
r r

Equation (14) is reduced to:

Ap' = (_v/rv) (e(Er-Efr)/kT) (191

(15)

the Fermi level for the

B-3-9



PiC- SOL209/6

Hence a small variation in Err can change _p' considerably.

The enhancementeffect is thus shownto be due to two things:

i. An improvement in quantumyield for long wavelength by depopu-

lating impurity levels.

2. A slight improvement in hole lifetime as a result of the depopu-

lation_ as observed in the region of wavelength shorter than

0.51 micron. There is no improvement in quantumyield in this

region.

Relaxation Curves: Experimental and _eoretical

When green light is turned off, electrons fill up the impurity levels

again, the infrared response decreases. The difference between the upper

and the lower envelope is then the relaxation process as a function of

time. The continous curve of Figure 13 was obtained in this manner from

Figure 9. A theoretical curve for the process can be derived, from which

a numerical value for the relaxation time can be obtained. Figure 14

depicts the model for this process.

When green light is turned off, the tra_'fic between the impurity

levels and the valence band establish "quasi-equilibrium" first, assuming

for the moment that the levels have a larger capture cross section for

holes than for electrons. Since the infrared response is directly

proportional to the number of empty states at the impurity levels, we

are concerned with the variation of _nr with time.

From Figure 14_ we can write:

(20)
d(An)/dt = Rtc - Rct

= rc(nro'Anr)(nl)- re(no +_n) (Pro- Anr)

Using the condition of Equation (2), and the neutrality condition:

_Pr = An = _n r (21)

Equation (20) can be written:

d(_n )/dt =-rc(no+n_+Dro+_n) _n (22)
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For small disturbances, and since:

n >> n1o

n >>
o Pro

Equation (22) becomes:

d(An)/dt =-r n (An)
c o

_ne solution is :

(23)

-r n t_
An(t) = Ano(e c o _ (24)

Since the infrared response is assumed to be proportional to the number of

empty states in the impurity levels, or:

Ap' = Ap r (25a)

Ap ' = A(Pro+AP r ) (25b)

-rnt

A;' = A(Pro+_no e c o ) (25c)

Where A is a constant of p±upu±Liu_1_ilty.

Going back to Figure 9, the enhancement was meastuced to be about i0_

which means that :

ap' (t= o) --ap' (t-- x lO (26)

Using those boundary conditions, and dividing the vertical scale of Figure 13

into i0 arbitrary units, the final form of (25c) that fits best the exper-

imental curve is:

Ap' (t) = 9e-l°St + 1 (27)

(2s)Pence: r n = 1.5 (SeCo2
c o

Minority Carriers vs. Electron _nission

The basic assumption made so far is that the origin of the photo-E_

is the existence of minority carriers, in this section, additional infor-

mations will be gathered to support the assumption°

Recovery time of the cells were recorded for different reverse bias

voltages. A light pulse of 5_sec. duration was provided by a xenon lamp.
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The short circuit current was observed across an Ii ohmresistor_ as

sho_min Figure 15a.

Whenthe cells were illuminated from the front side_ two regions

were observed in the recovery time: a fast region_ with a time constant

of about 15_ sec._ and a slow region with a time constant of about i00_
sec. As the reverse bias was increased_ the magnitude of the response

increased. The time constant of the fast region decreased and approached

the shape of the light pulse in the limit, whereas the time constant in

the slow region stayed the same. Figures 15b and 15c show the recovery

times for various bias conditions.

Whenthe cells were illuminated fr_n the back (crystal side)_ the

samephenomenawere observed_ except that there was no change in time

response of the fast region with increase in back bias°

The following conclusions can be made:

i. Suchslow recovery time rules out electron emission as the

mechanismin the creation of the photo-F_MF_at least not as a
first order effect.

2. The RCeffect is discarded_ because increasing the back bias

actually increases the RCeffect: R becomeslarge faster than

C decreases. The two regions in the recovery time can be

explained as follows: The bulk of excited carriers is located

within a distance equal to i/_ from the surface_ where _ is

the absorption constant. For wavelength shorter than 0.51 micron_
5_i06 -]-(12)is roughly 2° m " or larger. _or wavelength longer

than 0o5i micro_ _ is smalier. The first region in the re-

covery time is then due to _he diffusion time of the minority

carriers within a diffusion length from the bou_dary layer.

_e concentration s£ the boundary is zero_ and the transit

time across the depletien region is negligible. The second

region in the recovery time is due to decay of minority carriers

through recombination_ and it should stay unchanged.

3o As the reverse bias was increased_ tl_ depletion regio_ width
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increased_ from about 6.3xi0 -8 m. at zero applied voltage to

about 1.5xlO -7 m. at -2 volts. Since the penetration of light

is always i/_ or less_ which is 4x10 -7 m. in this case_ the in-

crease in width of the repletion region means that there are less

minority carriers to diffuse toward the boundary layer_ hence a

shorter time_ as it was observed.

4. When illuminated from the crystal side_ the bulk of the gener-

ated carriers would be on the crystal side_ near the surface.

No change in recovery time was observed as the same amount of

charge is diffusing_ independently of the reverse bias.

5. The increase in response with increase in reverse bias was pro-

bably due to some leakage current. Good photodiodes do not

display this kind of behavior. During the time the light was

on_ the cell was effectively short-circuited_ a current due to

minority carriers as well as a current from the circuit were

flowing tD_rougn the il o_ r_sistoi-. _-_ _'_*_ __+ ___

constant but the second current is not.

A Model for CdS

In order to explain the results obtained so far_ the following model

is proposed.

An idealized band diagram is shown in Figure 16. Shallow traps are

omitted since they do not play any role in minority carrier behavior.

All impurity levels are represented by a single level_ having an

effective density of state and located at an effective level. The value

1.4 ev. was chosen from Figures 5 and 6. It is the value at which the

spectral response cuts off and at which the enhancement is large. How-

ever the location of the level is not critical in the calculation of

various parameters.

In the presence of green light_ which corresponds to the absorption

edge_ t_he impurity levels depopulate. It is shown in Appendix I that the

change in electron population of the impurity levels can be written as:
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L_nr =(rcPro- rvnro)_P (29)

r n + rv_ DC O

where LkP is the change in minority carrier concentration. Since in

equilibrium_ most states of the impurity levels are occupied_ the con-

dit ion:

n (30)
rcPro >> rv ro

can be satisfied, and as a result Equation (29) can be written simply as:

Z_n = -rvnro _p (31)
r

rn +r_p
C O v

The depopulation has as a consequence an increase in available states

for transition from the valence band to the impurity levels. The quantum

efficiency_ or the number of transitions per incident photon_ is thus

increased. It was thought that the depopulation process could be done

with red light_ corresponding to transitions from the impurity levels

to the conduction band_ but the enhancement effect was not observed

and it is concluded that electrons located at those levels have a very

small photon capture cross section_ and transitions from the impurity

levels to the conduction band are negligible compared to the transitions

from the valence band to the impurity levels.

A quenching effect was observed instead of the enhancement when red

light was used as secondary illumination. Red light is then populating

the impurity levels and as a consequence decreases the states available

for transitions from the valence band to the impurity levels. The quantum

yield is thus decreased and a quenching effect is observed.

Initial large transients as shown in Figure ii are also a consequence

of the filling up of the impurity levels with electrons by the same

excitation.

Determination of Some Basic Parameters

With the results obtained so far_ it is possible to determine three

basic parameters associated with the impurity levels: capture cross sec-

tion for electrons_ capture cross section for holes, and density of states.
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As mentioned previously, all impurity levels are represented by an

effective density of states, although there is evidence that they are

actually discrete levels having different capture cross section for holes

and electrons. The capture cross section calculated is also an "effective"

capture cross section.

The following calculations are based on Figures 9, 13, and 15, and

the results revealed in the _iscussion of Relaxation Curves.

From the relaxation of the impurity levels shown in Figure 8_ and

Figure 9_ one can conclude that due to such long relaxation times, a short

light pulse of 20_ sec. does not disturb the population of the impurity

levels during the time it is on when photoconductive decay is measured.

At the onset of the photocurrent decay_ we should have:

An = AP (32)

Both holes and electrons are conducting. Assuming that holes are

_........____ ...._ ....._+_ _h_ _st decay time is due to hole decay, and since

the impurity levels are still fully occupied, the time constant is:

)-I loo seo. (33)Th = (rv =

When all holes are captured_ the impurity levels are mostly empty,

since _n and L_P are very large_ and electrons start falling down from the

conduction band to the impurity levels with a time constant:

= (rcNr)-i 50 msec.Tn' = (34)

It was shown in the section on Relaxation Curves.

r n = 1.5 (sec.)-i
c O

Since :

r =Sv
c n n

r =Sv
v pp

where S and S
n p

respectively, and Vn, Vp

respectively.

(35)

(36)

(37)

are the capture cross section for electrons and holes

the thermal velocity of electrons and holes
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At room temperature:
I

vn = (2kT/w me )_ = 1"2xi07 cm/sec. (38)

i 7xlO 6
v = (2kT/Wmh)2 = 3. cm/sec. (39)
P

m and mh are the effective masses of electrons and holes with m = O.2me e o

and mh = 2.1 mo.

Combining Equations (32) and (39), and using:

n = i016/cm3 (40)
O

the following values are obtained for the capture cross sections:

2
S = 1.2xlO -23 cm
n

S = 2.08x-10 -20 cm 2
P

and

N = 1.3_017/cm 3
r

for the trap density.

-1
It should be noted here that hole lifetime is Th = (rvN r) and this

value checks also with the recovery time in the slow region as shown in

Figure 15c.

For small disturbances, electron lifetime is:

-i

= (rcn o)T n

Hole mobility was not measured directly_ an attempt to use the Haynes-

Shockley method failed. There has been no report on a direct measurement

of hole mobility in n-type CdS as far as the author knows. Woods and

Champion reported the mobility of holes in p-type CdS obtained by doping

CdS heavily with copper. It was measured to be 20 cm2/volt sec. at room

temperature. This is fairly consistent with the values of effective masses

since mobility is inversely proportional to effective mass.

(13)
An estimate of trapped carriers can be made now. We have

Tr = Tn(1 + _nr/An )

- 1014/Since T = 7 sec. for An = cm 3, then
r

1015/ 3A n : cm
r
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Conclusion

The PVE is thus shown to improve when green light is present. The

effect of green light is to depopulate the impurity levels_ thus increasing

the number of states available for transitions from the valence band to

the impurity levels. The crystals effectively absorb more infrared light

in the presence of green light.

Relaxation time is relatively large compared to what is usually

observed in semiconductors, but CdS is known to have such long relaxa-

tion time.

The numerical values calculated for various parameters satisfy all

assumptions made and check well with the values found by R. Bube. [13'14)'"
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Appendix I

The Shockley-Read Model (15)

I
Rvt Rtv

E c, N c, no+An

nro +An r

Pro -An r

E v, Nv, Po+L_P

The various transitions are depicted above. Transitions are assumed

to be proportional to the density of electrons available for transitions

and the density of empty states into which transitions may occur. Hence:

Rct = rcnoPro (A-l)

Rtc = rc 'nroNc (A-2)

where r and r ' are the constant of proportionality.
C c

Under equilibrium condition, g = O, we must have:

Rct = Rtc (A-3)

Since:

Pro = Nr(l-fro)

n =Nf
ro r ro

where f is the Fermi factor for the level, we can deduce:
ro

Rtc = rcnron I (A-6)

where nI is defined as the electron concentration in the conduction band if

the Fermi level were located at E :
r

nI = N e-(Ec-Er )/kT (A-7)
c

The constant of proportionality r
c

is also defined as:

r = S v QA-O)
c n n
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Where S is the capture cross section for electrons and v the thermal
n n

velocity of electrons:
1

v : (2kT/wm)5 (A_9)
n e

Using the same argument for Rtv and Rvt _ the follo-_-ing results are obtained:

Rtv= R_ (A-z0

Rtv = rvnroP ° (A-If)

Rvt= _v_oPl (A-12)

Pl : Nv e-(Er-Ev)/kT (A-13)

r = S v (A-14]
v pp % --j

I

Vp = (2kT/_m h )_ (A-15)

Under the non-equ__librium condition_ g / O_ we have:

g =Rct -.Rtc = Rtv - Rvt

Rct = re(no+An) (Pro-_nr)

Rtc = rc(nro+An r ) (nI)

Rtv = rv(nro+_nr ) (Po+Z_P)

Rt : rv(Pro-Anr) (Pl)

The neutrality condition is:

(A-16)

(A-17)

(A-18)

(A-_9)

(A-e0)

An + An = AP (A-21)
r

Combining Equations (A-3)_ (A-10) and (A-16) through (A-21), we obtain:

An r = rcProA n-rvnro Ap (A-22)

rc(no+nl +An) + rv(Po+Pl +Ap)

Since no >> nl' no >> A n_ AP >>Po, ZIP>> Pl (A-23)

(A-22) can be simplified to:

A n r =rcProAn_,. -rvnro Ap (A-24)

rcno+rv A P
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Agai_ using Equations (A-2i)

(r _ -rvnro)AP
All = C- ro

r
r n +r AP
c O v

If furthermore :

the n:

rcmro_.>> r nv ro

Aim = -rvnro£_P
r

rn Ir _.p
c O v

and (A-23):

(A-25)

(A-26)
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List of Symbols

E
c

Ef

Efr

E
r

E
v

f
r

N
C

N
r

N
v

nI

: energy of conduction band

= Fermi energy

= Fermi energy of the recombination center

= energy of recombination center

= energy of valence band

= generation rate by infrared light

= Fermi function of recombination centers

= generation rate by green light

= effective density of states in conduction band

= density of recombination centers

= effective density of states in valence band

--N exp- (_, - E )/kT
c C r

n : equilibrium electron concentration in conduction band
O

n = equilibrium
.ro

_n = incremental electron concentration in conduction band due to green

light

_n' = incremental electron concentration in conduction band due to

infrared light

_n = incremental electron concentration in recombination centers due

r to green light

_n ' = incremental electron concentration in recombination center due to

r infrared light

Pl

_o

Pro

A_

= -
V r v

= equilibrium hole concentration in valence band

= equilibrium hole concentration in recombination centers

= incremental hole concentration in valence band due to green light
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_p' = incremental hole concentration in valence band due to infrared
light

r
c

r
v

Rct

= recombination rate of electrons in conduction band

= recombination rate of holes in valence band

= transition rate of electrons from the conduction band to the
reco_oination centers

R
tv

= transition rate of electrons from the recombination centers to

the valence band

S
n

S
P

= capture cross section for electrons

= capture cross section for holes

= time

Tn_T h = electron and hole lifetimes

Vn_V p = thermal velocity of electrons and holes
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TO EXTERNAL CIRCUIT

COPPER LEAD
GLUED TO CONTACT
WITH "SILVER PRINT"

COPPER LEAD SOLDERED
TO INDIUM CONTACT

EVAPORATED COPPER
CONTACT (400_ TO
500A THICK)

FRONT ILLUMINATION BACK
ILLUMINATION

5 mm

1 r_n S SINGLE CRYSTALS

Figure 1. Cell Geometry
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Figure 6. Enhancement of spectral response at each

wavelength for different green light intensities
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(a) GREEN LIGHT PULSE

!
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(b) LONG WAVELENGTH PROBING PULSES, CORRESPONDING TO IMPURITY LEVEL
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(c) THE WHOLE OSCILLOGRAM

(d) ENVELOPE OF PEAKS IS RELAXATION OF IMPURITY LEVEL

Figure 7. Continuous probing of the relaxation process of impurity
centers
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Figure 8.

t GREEN LIGHT TURNED ON (X: .506/x)

Impurity centers are being emptied when green light

is turned on. Infrared beam (_ = .93_) is chopped

at 13 cps. The infrared response is enhanced

considerably. Scale: i mv./div., .5 sec./ div.
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Z
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Figure 9.

t GREEN LIGHT TURNED OFF (k= .506/z)

Impurity centers are filling up with electrons as

green light is turned off. Same conditions as

above. The difference between the upper and lower

envelopes is the response to infrared (_ = .93_) as

a function of time. Scale: i mv./div., .5 sec./ div.
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Figure I0.

GREEN LIGHT TURNED OFF

Impurity centers are filling up with electrons when green

light (unchopped) is turned off. The chopped radiation

corresponds toA = .6_. Scale: 2 mv./div., .5 sec./dlv.

.
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O
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t INFRA RED TURNED ON

TIME

Figure ii. Transient due to infrared when it is turned on, with green

radiation already on. There is a slight decrease in the

green response (lower envelope), whereas infrared response

decreases slowly as impurity centers are filling up with

electrons. No such transient is observed when green light

is not already on, _ = .93_. Scale: i0 mv./div., .5 sec./
div.
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Figure 12. Transition rates and model for recombination
statistics.

Figure 13.
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5

Relaxation of impurity centers is obtained by taking the

difference between the upper and lower envelope of

Figure 9. (Continuous curve) The dots are theoretical

calculations of the same process (_ = .93_).
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Figure 14. Transition rates and model for filling of the

impurity centers
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5 _ $ec.
LIGHT PULSE

(a) the circuit --

_ v'-O

_ v ; -2

TIME

(b) fast decay region. Vertical scale is adjusted in

order to compare time response with increase in

back bias. Scale: i0_ sec./div.
/ -

TIME

(c) slow decay region. No adjustment in scale. The response

increases with back bias. No apparent change in time

constant. Scale: i00/_ sec./div.

Figure 15. Diode recovery experiment
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" CONDUCTION BAND
.15 ev.

................ ..L,. .... Ef

EFF ECTIVE RECOMBINATION
CENTERS LOCATED AT AN

EFFECTIVE LEVEL

1,4 evo

r VALENCE BAND

Figure 16. Proposed idealized model for the enhancement process. Shallow traps

are neglected because they do not play an effective role in the

behavior of minority carriers. Recombination centers are actually

distributed over a larger region of the forbidden gap, but are

replaced by an effective concentration located at an effective level

in order to simplify the analysis.
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Discussion

Kaye - EOS: Why do you ascribe the level to copper rather than a vacancy?

Blair: The 1.4 electron volt position of the level from photoconductive

data indicates a copper acceptor level at this energy. But it could be a

trap due to a vacancy as well.

Halstead - GE: I would like to ask one question. Have you measured the

spectral width of the effective region of the spectrum? I would think in

general in order to get sufficient concentration of energy in the green

region for this to be a useful effect in connection with photovoltaic

performance where you are concerned with response over a broad region of

the spectrum, that there would be a rather narrow spectral region where
there would be sufficient penetration by the green to help you much with

the red?

Blair: I think that the comment is quite correct. We did span a spectral

region around the green light to see what the effect on the enhancement is,

and the most effective enhancement seems to be right at the absorption

edge where there is a considerable penetration of the green light. If you

fall to energies shorter than the energy gap, you do not get any enhance-

ment, and if you go to energies larger than the energy gap, the absorption

takes place too near the surface to sensitize the region within a diffusion

length of the barrier.

Halstead: I would make a general comment, that is I think it is well

established that the level would be copper and there is a fair amount of

literature on the two-stage excitation in cadmium sulfide via copper

level. There are several papers relevant to this. This has been

proposed, although it hasn't been investigated, quantitatively, as a
basis for this effect which you're describing.

Blair: Yes, that is correct.

Dr. Potter - NASA-Lewis: With regard to the more practical cell, it seems

to me there are two things that still require more discussion and

explanation. One is that, as you mentioned, in the more efficient cell

there is a red response, which does not require a green light excitation.

And it is a pretty healthy one. In many cases, the enhancement in a

commercial cell is quite small. The other point that needs more explana-

tion, probably, and discussion, concerns the fact that we do observe

enhancement for wavelengths longer than the band edge; in other words, we

can observe enhancement in some cases at wavelengths down to i micron_

which is a very low energy indeed. So this is difficult to explain by

your model. So I think it may be more complex still than we see from this_

Blair: I pointed out that the single level model is an idealization of

the situation; in actuality there's a smeared-out series of levels in the

forbidden region to which tramsitions take place. This may extend several
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lOths of electron volts above and below the 1.4 electron volt level.
Along the line of the commentthat you madeand perhaps in answer to the
previous question, I would like to say that I amnot trying to imply that
the e_uhancementby the green light here has a very strong practical
implication in improving the performance of cadmiumsulfide cells. In
this particular case, this was a very useful tool to populate and
depopulate levels without any recourse to changes of the doping levels.
In high-performance cadmiumsulfide cells there is a proper compensation
between the shallow donors and the deep-lying acceptors, which will leave
these levels empty at all times for the transitions from the valence band
to the impurity level to take place. I think that this is really the
important practical consideration. This was a useful tool to study the
mechanismsthat are involved.

Goldstein - RCA: In some examples of similar materials_ there should be a

whole series of experiments and effects paralleling those that you have

mentioned. Specifically involving those of wave length dependence and

intensity dependence, which should involve such things as infrared quenching

and infrared stimulation. Have you performed any of these experiments and

are they consistent with the general picture that you have drawn?

Blair: The literature is rich in experiments which study the photoconduc-

tivity of cadmium sulfide and observe similar effects, l'd like to point

out that there is a major difference between what we have seen and what

exists in the literature. In photoconductive experiments. One always

observes the behavior of the majority carrier, the electron. In this case,

we have observed the behavior of the majority carrier, and this presents a

novel approach to the study of cadmium sulfide.

Goldstein: Yes, that's correct, and I appreciate that. But the presence

of the minority carriers are felt very often in certain experimental

circumstances involving quenching and stimulation mechanism, even in the

measurement of photoconductivity which is itself a majority carrier effect.

Have you made any experiments along these lines?

Blair: We have made some photoconductive experiments but I think I'd

r_ther not say _ch about them because at this time the results are not

conclusive enough.
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XNTEGRALGLASSCOATINGSFORSOLARCELLS*

P. A. Iles
Hoffman Electronics Corporation

E1 Monte, California

Introduction

Bare solar cells have three limitations to their efficient operation

in space. The front surface has low emittance, which increases the

cell temperature and lowers the output, the antireflective coating,

or the shallow PN junction are easily damaged by micrometeorite erosion,

or the cell may be degraded by charged particle bombardment. Transparent

covers have generally solved these problems, and in addition the radiation

damage can be reduced by careful design of the solar cell. Nowadays,

these covers are bonded to the cells by an elastomeric adhesive. This

combination has the advantages of being well proven in many missions,

in retaining most of the original cell power because of good trans-

parency, and, because the adhesive cures at low temperatures, the covers

can be applied to already connected modules. The elastomer can accom-

modate a large thermal mismatch between the cover and the cell, and this

allows a wide range of radiation shield thickness. There are some

disadvantages however. The finished cover, with its deposited coatings,

especially the UV rejection filter which prevents darkening of the

adhesive, can add costs of between 1/2 and 3 1/2 dollars for 2 cm2

cells. The fragility of the covees adds to the complexity and costs

of array assembly, and it is difficult to provide covers thinner than

5 mils. Finally, the adhesive sets the limits for the array in mechanical

strength, and performance at high temperature.

These disadvantages provide the main reasons for investigating

integral covers. The program outlined here was aimed at practicable

evaluation of integral covers, particularly for missions where all

the advantages of the discrete covers were not necessary. Convenient

criteria for evaluation were maximum power available, simplified and

less expensive array assembly, weight reduction and extension of the

environmental performance of the finished array.

There are several available methods to apply transparent integral

coatings and one of them will be described by the next speaker. We

chose to develop an old techniqae which has been improved in recent

years by research at IBM.

* This work was partly supported by Contract No. NAS 5-3857.
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Glass Technolg_g_

Glass is ground to a fine powder, deposited on a solar cell slice

and fused. The glass must be carefully chosen to have an expansion

coefficient well matched to that of silicon for temperatures extend-

ing to the fusion range, it must have good fusing properties, and good

transparency after fusing and preferably it should contain as few

components as possible to minimize radiation darkening. Most glasses

have adequate thermal emittance. Several borosilicate glasses were

used successfully, with the minor penalty that their fusing tempera-

tures were 100 to 200°C higher than those needed for many other glasses.

In brief, the coating sequence was as follows:

1. Form a fine glass powder by ball-milling.

2. Make a slurry by dispersing the powder in liquids which pre-

vent coagulation.

3. Adjust the optical density of the slurry by slow centrifuging

or settling.

4. Deposit the glass powder on the silicon by fast centrifuging.

5. Fuse the glass.

The thiakness of the deposited layer was controlled by the optical

density adjustment, 3. Figure i shows an empirically determined curve

relating the relative optical transmittance, and the fused layer thick-

ness. This control worked well, and control of layer thickness to

± 3_ in layers 30_ thick was achieved. After some practice it was

possible to obtain glass layers of good transparency, free from major

flaws and drying patterns. For thickness above a few microns the layer

was continuous, while for thickness greater than i/2 mil, the top surface

of the fused layer was fairly flat even when the glass was fused to a

slice of rough surface finish. Figare 2 shows cleaved sections of a

coated silicon slice, Ca) before and (b) after dipping in hydrofluoric

acid. The shiny surface layer in (a), when removed leaves a matte

surface (b), which has the same transparency and slightly higher thermal

emittance.

Solar Cell Fabrication

To accormuodate the high fusing temperature (850°C - 950°C) the

usual cell fabrication steps were altered slightly. Early cells were

made by fusing glass to a diffused slice, making slots in the glass,

and applying front contacts through these slots. Better methods were

developed using two altered contact structures. The first method used

deep diffused layers (2 to 5_) under the front contact areas, the second
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method relied on a thin dielectric buffer layer between the diffused
layer and evaporated titanium-silver contacts. In the second method,
during glass fusion, the contact metals movedinto the dielectric
layer and madelow resistance, adherent contacts to the diffused silicon.
Both of these methods allowed less exposedmetal (wraparound contact
cells were madesuccessfully) and the high temperature stability of the
contacts allowed build-up of the glass layer either by fusing a series
of layers, or by using the first fused layer as a bond for thicker
plates of a similar glass. After glass fusion the bulk silicon was
exposed on the back surface, a back contact was applied, and the PN
junction was cleansed of shorting paths.

The dielectric buffer layer, besides preventing metal penetration
of the shallow diffused layer, must serve other purposes. It should
be compatible with the fused glass and if possible provide an antire-
flecting coating on the silicon. Both the Hoffman diffusion-produced
phospho-silicate glass antireflecting coating and evaporated SiO were
used, on both rough and polished cell surfaces. In practice the best
combination has been the phospho-silicate glass on a rough surface
finish silicon.

Coated Cell Properties

Preliminary trials showed that the fusion process did not alter

the junction depth or bulk resistivity of the silicon. The fusion

cycle alone did not change the minority carrier lifetime in the bulk

silicon, but when the glas{ layer was fused, a slight decrease in life-

time (and an accompanying drop in Isc) was observed. Typical decreases

were 14 to 21 microseconds, with an associated Isc drop of 2mA. The

Isc of the coated cell was mostly determined by the transparency of the

fused layer.

The high-temperature contact structures allowed the use of completed

cells to measure the transparency of the fused glass, and thus to

optimize the fusing conditions. The next two figures, 3 and 4, show the

degree of transparency possible. For Figure 3 (a) glass was fused to

sil_con or kovar, and the thin glass layer was stripped from the support

and photographed in transmission. C is an airgap between two such

slides. A is a layer fused at high temperature, with high transmission

but some large flaws, B a typical layer. Figure 3 (b) shows the glass

layer partly covering a grid line, and comparison of the line appearance

above and below the arrows shows the degree of transparency. Figure 4

shows a cell where only half the surface was covered with glass.

To date, the combined effects of lifetime reduction and layer

transparency limitations have been reduced to where Isc values for

coated cells are consistently 90 to 93% of the Isc values for uncoated
cells.
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The rest of the cell structure can be designed to give output power

up to 924 of the power from an uncoated cell. The next two figures,

5 and 6, compare the best cells made with i mil integral glass, with

good production cells of equivalent bulk resistivity, diffusion para-

meters, and active area.

The relative spectral response was not changed much by the glass

layer; the slight decrease in absolute response is fairly flat over

the useful wavelength range of the cell.

So far, thinner layers have had greater transparency. Figure 7

shows how Isc decreases for the thicker glass layers. The advantage

of a single fusion for the thicker layers can be seen. The 14_ 0

values for the single fusion case are also shown. As mentione_ above,

the most rapid way to build thicker layers is to use a thin layer of

powder to fuse a prefabricated thick slide of a similar glass. In this

way 20 mil slides were bonded to cells with good adhesion, but the

decrease in output was larger than expected, in the best case being

around 5_ below the output of a cell with the fusing layer alone.

Discussion below shows that the formation of thick layers is not the

best use for integral covers.

The variation of cell output versus slice thickness for i mil

integral glass layers was measured for the resistivity range 2 to iO
ohm-cm. As the slice thickness decreased from 16 to 8 mils, the power

decrease was close to that measured for conventional cells, namely

around 6{.

Other Measurements

Besides the cell output which is the most important quantity re-

quired, other measurements were made.

Thermal Emittance The coated cells, bonded to a heat source, were

held inside a cooled, evacuated chamber, and the thermal balance for

various input powers could be evaluated to give the total hemispherical

emittance of the coa_ed cells. Figure 8 shows several views of the

equipment. Figure 9 plots the emittance values at 30°C versus glass

thickness for two cell surface finishes. The thin layers are seen to

have bulk emittance v al_es for thicknesses above i mil. Thus, for

thermal control, layers thicker than i mil have no advantages.

Particle Irradiation A dosage of 2 x 1015 i Mev electrons per cm 2

did net produce any additional damage in cells coated with integral

gl _s. Preliminary trials have shown no degradation after dosage of
]0 _ 0.4 mev protons per cm2.

Temperature Stability These integral glass cells have shown improved

stability under prolonged exposure to high temperatures. Cells were
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heated at 600°C for 4 hours before beginning to degrade. Several

cycles of the cell between boiling water and liquid nitrogen did not

affect the bonding or the cell output, thus showing the good match

of the expansion coefficients for silicon and the glass layer. During

post-irradiation trials it was found that complete annealing of the

radiation damage followed 5 minute heating at 600°C.

Antireflective Coatinss MgF 2 coatings increased the cell output by

1.5_, close to theoretical predictions.

System Considerations

The results to date have shown both the limitations and the possi-

bilities of these integral coatings. Approximately 2,000 cells have

been made, allowing preliminary cost estimates and showing the feasi-

bility of reaching reasonable production rates. The cells have been

combined with present methods for interconnecting solderless cells,

and simplification and lowered costs of arrays appears possible. The

main limitation is the 7 to 8_ loss of output power.

Figure i0 shows the percentage of present cells with power greater

than the corresponding abscissae. Figure ii compares the output power

and the mass for both conventional and integrally coated cells, as the

silicon slice thickness decreases. Figure 12 converts these figures

to Watts per pound versus slice thickness. This figure shows that

integrally coated cells have a marked advantage over conventional

cells with 6 mil covers, but that these advantages are minimized or

lost when combined with present substrates.

Mission Design

During this work, some preliminary opinions have been formed about

the best probable application for cells with integral covers. If severe

particle densities are present and long life is required, there appears

to be no alternative to thick covers (tens of mils) of pure quartz or

sapphire. Even pure glass covers give inadequate shielding under

these conditions and this fact, combined with the large thickness

required, rules out integral glass covers for such applications. Dr.

Fang, of NASA-GSFC has recently suggested that when elecZron radiation

dosage is severe, cell output may be restored by annealing by heating

the arrays above 400°C for l0 minutes, after periods where the dosage

is less than 1014 electrons per cm2. As mentioned above, cells with

integral glass covers are well able to withstand such annealing, and

if the practical problems of cell interconnection and heating can be

solved, this is an intriguing possible use for cells with integral

glass coatings.

There are also many missions where exposure to high energy par-

ticles will be low, and integral glass coatings appear better suited
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to these missions. Reduced weight can be obtained by combining the

minimum integral glass layer ( i mil for thermal control) with thinner

cells. Also, because the bulk silicon does not need high radiation

tolerance, lower resistivity silicon which gives more available power

after integral coatings are applied, can be used for the cells. Figure

12 showed that if lighter substrates can be obtained, over 20 Watts

per pound is available.

Su__fmlar_

Solar cells with integral, glass coatings have been made in sufficient

numbers to show the feasibility of production, and to allow preliminary

estimates of the output, costs, and weight. These cells can simplify

array assembly and have good environmental stability. The results

obtained have provided a firm quantitative basis for comparing other

possible coating methods and study of alternative coating techniques

is in progress.
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(a) TRANSMISSION PHOTOGRAPH 

(b) FUSED GLASS ON C E L L  

F I G U R E  3 - PHOTOGRAPHS SHOWING TRANSPARENCY OF FUSED GLASS 
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GLASS NO GLASS 

F I G U R E  4 - SOLAR CELL PARTLY COVERED WITH INTEGRAL GLASS.  
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(a) SAMPLE 

I .  

(b) SAMPLE SUSPENDED 

~ ( C )  SPHERE OPEN (d) SPHERE IMMERSED 

FIGURE 8 - VIEWS OF THERMAL EMITTANCE SAMPLE AND EQUIPMENT 
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Discussion

Oman: Thank you_ Mr. lies. Are there questions or comments?

Ratcheson, Boeing: On your systems curves where you plotted relative

watts per pound, what thickness of cells were these plotted against -

were these 12 mil or 8 mil cells?

lies: They ranged from 16 mils down to 8 mils.

Ratcheson: I see. Have you been able to successfully apply thicker

coatings than i mil or has this been your outside limit?

lies: Yes, we've applied up to 6 mils in integrally fused layers.

We have applied 20 mil slides of prefabricated glass directly to the

cell, using a fused layer as the adhesive bond. I forgot to mention

that the output for these thick slides was about 5% lower than we

would have expected from the fused layer alone, showing that the inter-

action of a thick slide and the fused layer did give us some added losses

in transparency.

Ratcheson: Well, what about layers in the area of 3 or 4 mils thick?

lies: I showed a-curve of Short circuit current and the current at

430 millivolts for layers up to 3 mils thick. Would you like to see that

again?

Ratcheson: If it's handy, yes.

lies: Could we see slide 7, please? Maybe we can take another ques-

tion while we're waiting.

Don Ritchie, JPL: You made a statement: "reasonable production rates."

What is your opinion of a reasonable production rate?

lles: Five hundred a week is reasonable for a new process... This

is the curve I mentioned. These are the measured values for the short

circuit current and the current at 430 miiiivolts for layers 3 mils

thick.

Mann - Spectrolab: On your curves of emissivity versus thickness, you

showed values after a mil or so of 0.9 to 0.97, which would appear to

be rather high. Would you perhaps clarify what experimental errors

you anticipated - or perhaps could you indicate the emissivity that

you would obtain by your technique with, say, a conventional glass?

lles: Yes, I indicated the conventional glass slide emissivity was

either 0.9 or 0.94 depending on the surface finish of the cell. Those

were measured values using the same equipment.
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Mann: That value is some 5 to 8% above what is normally obtained with

other kinds of equipment for measuring emissivity, though.

Iles: OK. Well, this is a self-consistent set of comparison values.

Author's note: The quoted emittance values were for the glass layers

only. Experimental corrections were made for the other exposed areas
on the cells.
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Abstract 1'I _ I _

A new semiorganic resin was synthesized and developed for solar

cell surface protection. The coatings are spray applied and applica-

ble to individual solar cells or to large arrays. The coatings have

been tested on solar cells for emissivity, light transmission, as well

as for environmental space effects, including ultraviolet, vacuum,

electron irradiation, and temperature extremes. The effects of these

tests on the performance of the solar cells were monitored and are

included in this paper. Comparisons of these tests with similar

tests on conventionally protected solar cells are made and discussed.
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Introduction

At present cover slides are used to protect solar cells for three
main reasons:

lo Increase emissivity of the solar cell to provide a lower

operating temperature, subsequently raising the electric

power output of the solar cell.

°

,

To protect the solar cell from radiation damage by

attenuating electrons and protons in the space environment.

As a substrate for blue (D_V") and red (!R) reflection

filters, to decrease the operating temperature_ and to

ensure higher solar cell efficiency.

An adhesive is required to fasten the cover glass to the solar

cell; however, the adhesive used must be protected from UV radiation

to prevent its degradation, with resulting discoloration and some

loss in transmission of light.

Feasibility of Integral Cell Covers

An integral protective shield might be desired to replace the

coverglass and adhesive sandwich for the following reasons:

o Material uu_o_: .... _, .......g1_s or slide is generally

microsheet glass or fused silica. It generally has a

dual coating system; namely, i) an antireflective inor-

ganic salt coating on one side, and 2) a -_ reflective

diffraction coating for the protection of the adhesive

on the opposite side. The latter coating is particularly

expensive in _hat it is a multicoated system, with exacting

thickness requirements laid down by vacuum deposition

techniques.

Labor Costs: The job of placing the slides and adhering

them individually to each solar cell requires infinite

care and precaution resulting in high labor costs. Fur-

thermore, breakage, particularly of the thi_uer cover glasses,
can add to the cost.
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o Emissivity: The emissivity of the cover glass coated with
the antireflective inorganic salt is usually about 0.8,

which is high compared to the uncovered solar cell, but

still not as high as could be obtained.

o Weight Factors: For many missions, thick cover slides are

required for radiation protection, but, for others, thinner

ones are sufficient. Due to the fragility of the slides,

6 mils thick cover slides appear to have been chosen as

the minimum thickness. A thickness of 1/2 of this or

less with its weight advantage would often otherwise suffice.

o New Solar Cell T_pes: Cover glasses may or may not be

readily usable for new solar cell types. In particular,

the use of cover slides is not easily adaptable to thin

film or dendritic types of solar cells.

Thus, the principal advantage to be gained through integral

solar cell covers is the elimination of the need for the complex,

costly slide/adhesive approach.

Coatinss as Integral Cover Materials

It was felt that an integral protective shield could take the

form of a coating to obviate the deficiencies enumerated above. Such

a coating would have the following characteristics:

Inexpensive materialwise in comparison to the cover glass

assembly as it could be prepared and formulated as a solution

ready for application.

Inexpensive laborwise, since a coating can be applied via

spray, brush, or roll-coating technique with spray being

preferred for this task. Furthermore, a solar cell panel

could be sprayed after it is assembled, obviating special

handling.

o Coating materials which have higher emissivity (in the order
of 0.9) could be chosen.

The weight factor for a solar cell coating can be decided

definitively. Given thicknesses of coating can be spray-

applied to give exactly what is desired for a particular

mission. Furthermore, areas which are not to be sprayed

can be taped or masked before spraying and subsequently removed.
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Newsolar cell types, in particular the thin film, dendritic
growth, and wrap-around solar cells are admirably suited for
coating protection.

Based on the preceding reasoning, the next logical question is
what type of materials does one choose to perform this coating task?
In essence, as part of our synthetic materials effort in certain new
and novel semiorganic polymers, it wasnoted that certain of these
polymers gave _etter than 97_ light transmission in the range of
4000 - 12,000 A. Based on this optical clarity, further investigation
of these materials for solar cell coatings or shielding materials was
carried out.

Methods of crosslinking the resins and formulating to obtain
desired coating properties were found. Coating systems which gave
fairly interesting overall balance of properties when coated on solar
cells were subsequently obtained.

D escri_%ion of the IMSC Solar Cell Coatin_

Application of the coating to solar cell is fairly straightfor-

ward. The formulated coating is placed in solution prior to use and

is spray-applied to the preheated (200°F) solar cell or solar cell

panel, followed by oven _ume at 250°F for 1.5 hours. By small changes

in the relative amount of curing agent, the coating surface can be

modified from a smooth bright shiny finish all the way to matt$ finish.

The properties obtained with the smooth shiny finish are summarized

in Table l, where they are compared with the conventionally used

Coming 7940 (blue filter, 20-mil fused silica) cover slide.

As shown with the Lion Optical Surface Comparator at room tem-

perature, the coating has a greater emissivity than the fused silica

cover slide (0.9 vs 0.8), which will in itself give, based on the

lower surface temperature, an increase in power output of about 44 .

The blue filter used on the cover slide approach, however, reflects

the ultraviolet solar radiation, also resulting in a lower solar cell

surface temperature. Thus, from the standpoint of e_ilibrium tem-

perature, both approaches are roughly equivalent.

Optical methods of measurement of covers and coatings were con-

sidered secondary to direct measurement of coated solar cells. The

comparative measurements reported herein were all carried out in the

form of current-voltage (I-V). An Optical Coating Laboratory Model

31 Solar Simulator was used as the solar simulator light source for
all !-V measurements.
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As shownin Table I, a 2-mil IMSCcoating results in a loss of
2.3_ in the solar cells output as measuredby short circuit current,
comparedto as muchas a 6.0_ loss by covering the solar cell with
a Corning 7940 fused silica cover slide adhered to the solar cell
with LTV-602 adhesive. The I-V curves for two i by 2 cm solar cells

before and after coating are shown in Figure i (before) and Figure 2

(after). Little difference can be noted in the two curves.

Environmental Testing

Coated solar cells were subjected to vacuum at 2 x 10-6 torr

and ultraviolet radiation of 700 sun hours. They showed a loss of

7.3_ in short circuit current as compared to a l_ loss for the con-

ventional blue filtered Coming 7940 covered solar cell. The ultra-

violet radiation source used was an argon filled A-H6 high pressure

mercury arc lamp. The lamp was mounted in the vacuum equipment

shown in Figure 3 and the coated or covered solar cells mounted at

i, 2, and 6 sun position, as shown in Figure 4.

Using a 2 Mev Van de Graaff accelerator conventionally covered,

I/_SC coated, and bare solar cells were subjected to electron irradia-

tion of 1016 e/cm 2 at 1.5 Mev. This resulted in negligible coating

damage (_0.5_ Isc). Solar cells protected by a 20-mil thick, blue

filter, fused silica cover slide showed a loss in excess of 3_ Isc

due to the cover slide.

Table II summarizes the electron damage results of a more recent

irradiation using i Mev electrons and total flux of 9 x 1015 e/cm 2.

The energy of electrons reaching the solar cell is diminished by traver-

sing the protective shielding as shown in line 1(1,2).

This results in reduced damage to the solar cell because of the

energy dependence for electron damage. The resultant calculated

loss in short circuit current is shown in the second line. Since

the 2-mil Lockheed coating is relatively thin, electron energy attenua-

tion is small and therefore damage to the solar cell by the i Mev

electron beam is approximately equal to that for the uncovered solar

cell. However, if one examines the fourth horizontal line showing

the observed loss of short circuit current after irradiation one

finds that the loss of output of the 2-mil coated cell equals the

loss of the conventional 20-mil fused silica blue filtered covered

cell. The only explanation for this apparent inconsistency is summarized

in line 3; namely, degradation changes in the protective cover assembly,

which would appear to be tied to loss of light transmission.
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In the case of the blue filtered fused silica cover slide, the loss
in transmission amountsto 4%, without the blue filter the loss is
only 2%7and in the case of the Lockheed coating, the loss is_l%.
Consequently, after i Mev electronirradiation , the resultant output
of solar cells with the 2-mil coating is equivalent to those with the
20-mil fused silica blue filter conventional cover slide.

The total loss of short circuit current due to covering or coating,
DV damage,electron damage,as stipulated, is shownin Table i as 10.6%
for solar cells protected with the 2-mil Lockheedcoating as compared
to 11%for those protected with the blue filter, 20-mil fused silica
cover slide.

As part of the space environment requirements studies, solar cells
with the 2-mil Lockheed coating were subjected to a 24 hour soak at
-260°F. Thermal cycling was performed between -225°F and 176°F. No
discernible change in short circuit current was evident in @ither test.

The estimated relative cost included in Table l, although not of
scientific interest, may be of interest to round out the comparative
story.

Fluorescent Properties

Some of the new polymers synthesized, when formulated and coated

on solar cells, resulted in little or no loss of short-circuit current

as compared to the uncoated solar cell. In an attempt to explain

this phenomenon, the following possible causes were investigated:

i. A possible photoelectric effect in the coating was ruled

out.

, Possible current resistance of the silicon surface decreased

by the coating. Electrical resistance >iO _£ ohm/sq at

!.5-100 volts showed the coating to be a good insulator

and hence of no aid in carrying current.

° Reflectivity of coating compared to that for the uncovered

solar cell was also investigated. Reflectivity measurement

of an uncoated solar cell and LMSC-coated solar cell showed

that, from 5000-8000 _, the coated solar cell gave more

reflection than the uncoated (Fig. 5). This possibility

was thus ruled out.

, Under black light (ultraviolet >3100 _) the coating on

a glass slide was noted to fluoresce in the yellow green

(5400-5500 _). The coating also demonstrated this effect

on solar cells.
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It was interesting to note that a theoretical study of the possible

increase of efficiency _ solar cells by the use of directed fluorescent
coatings has been made --). In their analysis (3) they assume that

the fluorescent coating absorbs a large fraction of activating wave-

lengths and reflects away from the rest which are unused. They(3)

also assume fluorescnece at wavelengths most sensitive for solar

cell absorption.

The difference in energy between the absorbed wavelength and

the fluorescing wavelength is given off as heat, which results in

less efficiency of the solar cell. This heat was also included in

the overall calculation to detract from the cell's power output.

In actuality, the LMSC coatings do not reflect the ultraviolet

and hence any fluorescnece obtained is a gain in output. In any

case, after integrating all the factors based on the above assump-

tions they(3) obtain the following equation:

Fractional Improvement in Output of Solar Cell

Due to Fluorescent Coating

wherein:

= aA c + bB c - i

a = probability a photon will be absorbed by the coating,

will be remitted by fluorescence, and absorbed by

solar cell

b _ transparency of fluorescent coating

A c and B c contain factors such as solar cell response,

incident solar energy, etc.

Due to geometry of a coating on one surface, the probability

"a" >0.6 is Limited, and the authors also indicate that "b" = 0.9

is not too likely. This, however, is not the case with our coating;

transmission of _ 97 percent was noted. Their calculations showed

that wherein "a" = 0.50 and b = 0.95 their increased output ranges

from 4.7 to 5 percent. The big rise in fractional improvement lies

wherein "a" becomes larger than 0.5, which is difficult to obtain

in that it is to a large extent a fixed parameter. In any case,

these values include the heat produced by fluorescence as a loss

in solar cell efficiency, considering all unabsorbed ultraviolet

as reflected; wherein, as stated earlier, the LMSC solar cell coating

does not reflect the ultraviolet (no blue filter) and hence any

fluorescence obtained is a g&in in output.
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A desired fluorescent coating should strongly absorb ultraviolet
wavelengths and fluoresce the preferred wavelengths which most activate
solar cells. This usually is in the red end of the visible spectrum.
By necessity, the coating should also have the good properties enum-
erated in Table I.

Conclusion

In conclusion, the Lockheed solar cell coating presents an

attractive solution to the many problems posed by the cover slide/
filter/adhesive system. Thermal incompatibilities are eliminated.

Application cost is drastically reduced. Solar cell performance

is comparable to that for conventionally covered solar cells,

and is not in any way compromised by adverse environmental effects.

Future activity includes flight testing of the material as it

is presently developed. Further development is possible and encouraged

in the areas of: i) reduction of ultraviolet darkening; 2) building

up of thicker coats; and, 3) optimization of fluorescent output en-

hancement. The specific adaptation of the coating to the newer types

of solar cells should also be pursued.

l°
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TABLEi

SOLARCELLSHIELDING

.

o

i3o

.

Property

Emissivity (Lion Optical

Surface Comparator)

Flat Emission
..... L

Loss Isc (Short Circuit

Current) caused by cover-

ing solar cell with coat-

ing or cover

Ultraviolet Damage; Loss

Isc after 700 sun hours at
2 x lO -_ torr. Loss Isc

due to coating

Electron Damage (1.5 Mev,

1016 e/cmn). Loss Isc due

to coating

Loss Isc, total of 2, 3,4,

ab ore

6. Thermal Shock to -260°F

7. Cost

LMSC

Semi- Organic

Coating

0°9 (room

temp. ) (Lion

o.s.c.)

-2.3%, 2 mil

-1%

-1o.6%

Corning 7940

Fused-Silica

Cover Slide

0.8 (room

temp.) (Lion

O.S.C.)

-6% with blue

filter, 20 mil

-1% with LTV
602 adhesive

-4%

-ii%

Passes Passes

$0. 125/solar

cell

$1.25/solar

cell, i x 2 cm
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TABLE2

Protection
for

Solar Cell

.

.

.

,

Electron

Energy at
Solar Cell

Electron

Damage to
Solar Cell

Isc Loss

Electron

Damage to
Cover or 0

Coating
Isc Loss

Total Isc

Loss

Observed

No

Protection

i Mev

0.26

0.26

B

+

Blue Fil-

ter

O. 85 Mev

O.23 calc

j--, ,,,

~0.04

0.27

B

0.85 Mev

O.23 calc

"_ 0.02

0.25

2-mil

LMSC

Coating

0.98 Mev

0.26

0.01

0.27

B = 20 mil fused silica cover slide adhered with LTV-602

to the solar cell.
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Fig. 3 ULTRAVIOLET-VACUUM SIMULATION EQUIPMENT 
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Fig. 4 ENVIRONMENTAL TEST E Q U I P M E N T  
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Discussion

Oman: Thank you very much, Dr. Marks. I feel that I have heard a truly

revolutionary paper. Not only is there a breakthrough in the state of

the art indicated here, and also we have made a step toward - at the end

of the day - achieving the goal which was outlined to us the first thing

in the morning about getting 3 or 4 times more efficiency; but we have a

speaker that talks dollars and cents and he talks dollars and cents in

the quantities that I can understand. So we now will hear a discussion.

Loferski - Brown: In discussing the relative results for different kinds

of covers in radiation damage experiments, you showed figures such as 26_

degradation, 27_ and so on. Isn't the scatter in the experiments of such

an order that really drawing any kind of conclusions from a difference

between 26 and 27_ is a little bit questionable.

Marks: There is a fair scatter; however, quite a number of cells have

been done and they all fit, within the range that we consider to be valid
for these numbers.

Oman: Now, we'll hear from a technologically unemployed manufacturer of

solar cell covers, AI Mann. (laughter)

Mann: Now that I'm unemployed, I'd like to ask several questions. Onej

related to the question that Joe just asked, if you will recall the slide

in which you showed the various degradations

Marks : The electron damage?

Man_____nn:The electron damage, yes. The experiment was done with 1-1.5 M_v

electrons which pen_L_ate _-_ o_ +__ cost_r_s_ and if you will note, the

unprotected cell itself would indicate that it was probably the best
choice under that environment.

Marks: No, you have to remember one thing. This is just one, and I

stress one, Mev electrons. This is one of the shortcomings of our
t__ ___ _I _ m_asurements.
kCU_u_v_j /

ManI__nn:I'm saying that that's not the case that you have in space, that

you have a spectrum of particles, and that I don't think that you can

draw any conclusions from that specific slide in that regard. The second

point is that...

Marks: I didn't draw any conclusions.

our measurements were.

I just stated the facts of what

Mann: No, but you stated some conclusions at the end, saying - trying to

point to the fact that this coating was therefore comparable to the

thicker coating as far as degradation is concerned...
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Marks: To 1-1.5 _ev electrons ....

Mann: 1-1.5 _ev electrons.

Marks: Period.

Mann: OK. But not in space.

Marks: All right.

Mann: Second_oint is that the ultraviolet degradation was based upon 700
hours, which is a little over 29 days in space or, in an eclipsed orbit,
maybe40 days in space. Of course, someof the missions which you fly are
very short and perhaps that's sufficient, but in general it is not. Now,
related to that question, what is the cause of the 7.3% degradation? Is
it an absorption which is essentially complete over a certain band -
spectral band - or is it general? What is the spectral distribution of
absorption?

Marks: As I stated earlier, we had no interest in any optical measure-
ments. It was strictly short current measurements, and hence I amunable
to answer your question.

Mann: Thenwhat happens after 7000 hours?

Marks: Wedo not know. The original desire was to simulate a mission of
one of the satellites that we have flying and the mission test time
required was 700 hours, and so we did this testing. Unfortunately, we
didn't go any further than that. I will state, however, that we ran our
tests at l, 2, and 6 suns, as I indicated, and there is a tendency for the
damageto asymptote off. It could continue this way and asymptote off
fully, or it could conceivably go upward again with increased test time.

Mann: The measurementswere made, I take it, with a mercury lamp?

Marks: Yes, an AH-6.

Mann: Yes - which maynot be accurate as far as the ultraviolet damage
is concerned. It may not provide accurate data as to ultraviolet degrada-
tion in space. The next point is that - since I'm unemployed - (laughter) -
the index of refraction of your material is approximately what?

Marks: Fairly close to glass.

Mann: Fairly close to glass?

Marks: Yes.

Mann: Well, the reflections which you indicate would - which you claim
would indicate an index refraction substantially below 1.3, and although
that's not impossible, it's very unlikely.
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4

Marks: I have no good data on that and I would not like to comment on

it ....

Haynos - GSFC: Many extensive tests have been performed on electron

degradation, particularly on the cover slides and these do not indicate

that we have a 25% loss in transmission due to the blue filter.

Marks: No. We claim that there's a 2% loss in transmission due to

degradation to the blue filter of the cover glass itself. However, the

total degradation that the solar cell sees - with the cover slide on, is

27%.

Haynos: Then that does conform.

Marks: I'm sorry, if that was not clear.

Prince - EOS: This coating sounds fabulous, l'd like to know what it is

and how do we get hold of it?

Marks: Well, l'm theoretically not allowed to talk about it at the present

time. (laughter) In fact, I have clearance only on information presented

in this paper. I will say, however, that the material is new and novel and

has an organometallic structure. I'm sorry_ no further information can be

given at this time.

Schach - GSFC: Have you exposed the coating to irradiation whose total

path length would be within the film itself - not into the cell; in other

words, say with electrons of the order of perhaps i00 Kev or protons

about the same order?

Marks: No exposure with particles of those e_lergics _.zere carried out.

However, this is something we would like todo in the future.

Schach: My guess is that you might get more damage with low energy

particles than with i Mev electrons. It would be interesting to see if

this is the case.

Massie - Aero Propulsion Lab: Have you compared the moisture permegoility

of this coating to, say, H film or mylar? and if so, what were your

re sults?

Marks: We do not have any information on the coating's permeability.

This material is not a film in the same sense as H film or mylar; it is

instead a protective coating.

Potter - NASA-Lewis: How hot do you have to heat the cells when you apply

this coating?

Marks: 200°F. This is done to flash off the solvent in which the coating

is dissolved.
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Raw,aport - RCA: I'm wondering whether it is possible that the increase
in current that you are seeing with this coating is due to the improvement

of the surface recombination velocity of the silicon. There are materials

known - and one organic material I know of is pyrogallic acid, I believe,

and potassium dichromate, which, when applied to a surface of silicon,

decreases the surface recombination velocity, so the electron - the

carriers in the film are reflected back into the semiconductor. If this

is an organic film, it is possible that the small - 5% or what improve-

ment you see could be due to this reduction of surface recombination

velocity. It would be worth measuring.

Marks: You have to remember, however, that there is a silicon monoxide

coating between the silicon and this coating.

Rappaport: It is probably worth forgetting about my original remark.

(laughter)

Oman: Any more questions: Well, we will give A1 Mann one more opportunity

then. (laughter) This will be the last question.

Mann: As far as the increase that you get...First, a comment about that

fluorescence work. That fluorescence work was done a few years ago to

show what we concluded to be the infeasibility of using fluorescents as a

means of gaining output and efficiency of solar cells. I do not believe

it was written to try to show that it was a feasible technique. Further-

more, it is our experience that the cells which you are using were

terminated optically by the coating in such a way that as soon as you put

any termination on it such as a conventional slip with adhesive - that the

short circuit current increased by several percent. I do not think this

had to do with fluorescence.

Marks: This could very well be, although I do not see how. The only

thing we have seen is the fluorescence of the coating material that we

are talking about here. This fluoresced in the yellow-green at about

5400 to 5500 A. Another coating fluoresced in the red over 6000A and

there we saw the actual current enhancement above and beyond what the

solar cell would do bare, as much as 1%. This is what caused our interest.

Voice: It would be easy to check by using an ultraviolet source.

Marks: This will have to be done. If this is negative, it may be some-

thing that we just do not understand at the present time. I am just

reporting what was found and your helpful comments are appreciated.

Oman: Thank you very much, Dr. Marks, for a very interesting and out-

standing paper. (applause)
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