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PURPOSE

The purpose of this contract is the development of high efficiency,
low cost silicon solar cells. The objective is high yields, in the
order of seventy (70) percent of the cells having efficiencies in
the range 8f twelve to fourteen percent leading to a cell cest of
$2.00 to $3.00 for a cell having dimensions of 1 cm by 2 cm. Both
N+ on P and P+ on N cell structures are to be studied and the cells
optimized for use in terrestrial environment with and withouat

utilization of solar concentrators.

iii
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ABSTRACT

Work on the effect of concentrated sunlight on the performance of solar
cells under concentrated solar intensities has been continued. Once

again it has been found that the cells which were diffused for twice

the length of time as the standard production cells exhibited better
performance under 300 mW/ch solar intensity when all other parameters
were identical to the standard production-type cells. The series resis-
tance of the former type of cell was several tenths of an ohm lower than
the latter type. The P+/N type cells showed significantly better behavior
under concentrated solar illumination than the N+/P cells, probably due

to the lower resistivity material used to fabricate the device.

The actual values of diffused sheet resistance, bulk resistance, contact
resistance to the diffused layer electrodes, and contact resistance to
the bulk electrcdes have been experimentally determined for N*/P and
P*/N type cells. It was found that the contact resistance at the bulk-
eledtrodes as they are presently fabricated could become appreciable if
silicon of greater than 20 cohm-cm resistivity is used as the base mater-
ial. The contact resistance at the diffused-layer electrode was found
to be negligible. A theoretical method has been developed for the
determination and isolation of the resistance of the silicon for carriers
flowing o the contact strip and for carriers flowing to the grid strip.
These resistances can be determined from a knowledge of the resistivity

of the diffused sheet and the physical dimensions of the cell.

Cells of N+/P and P+/N‘polarity have been fabricated from polycrystalline
base material. Representative spectral response curves are presented.
The peak response occurs at a wavelength of about 0.73 microns for the
polycrystalline cells where as a normal, single-crystalline cell, regard-
less of polarity, peaks at about 0.85 microns due to the much higher bulk
region minority carrier lifetime. A P+/N polyerystalline cell having

iv
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an efficiency in sunlight (m=1) of greater than 9% has been fabricated.
Various diffusion depths and grid patterns are studied with respect to

polycrystalline cell performance.

The results of envirommental tests on standard production type solar

cells are presented.
A polyvariable experiment has heen carried out in order to determine
the optimum diffusion time and number of grid stripes for fabrication

of a P¥/N cell to be operated at a solar intensity of about 300 mi/cml.

Experiments to obtain an electroding process which will result in

mechanically stronger contacts and lower contact resistances are discuseed.

iv - 1
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CONFERENCES

On .3 October 1962 a conference was held at the U. S.Army Electronics
Research and Development Laboratory, Fort Monmouth, New Jersey. The

following personnel were in attendance:

USAERDL:
E. Kittl

G. Hunrath

A. Herchakowski

Representative:
C. Daniel, Statistical Consultant for USAERDL

Heliotek:
M. Wolf
E. L. Ralph

During this conference a polyvariable experiment was designed to statis-
tically analyze both N+/P and P+/N type cells with respect to optimization

of cell design for application at concentrated solar intensities.
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FACTUAL DATA

1.0 INTRODUCTION AND SUMMARY

Two experiments have beén performed involving an attempt to obtain
information on cell performance at elevated intensities as the series
resistance of the cell was varied. The performance of N+/P and P+/N
cells having various junction depths, under concentrated solar intensities
up to about 300 MW/CMg,were studied. Specifically, cells of each type
which were diffused for twice the length of time as standard production
cells wére compared against cells representative of standard production
cells, All other parameters were maintained constant for both cell
types, including the number of grid stripes. The deeper diffused cells
had series resistances several tenths of an ohm lower than the shallow
diffused cell of the same polarity. Results similar to the qualitative
results of the First Quarterly Progress Report were obtained; namely,
the deeper diffused P+/N cell exhibited better performance at the higher
light levels than the shallow diffused P+/N cells. Also the P+/N type
cells showed significantly better behavior under concentrated solar
illumination than the N+/P cells, probably due to the lower resistivity
material used to fabricate the device. Experiments were performed
several months apart and showed excellent reproducibility of results.
Work was continued towards analyzing the individual sources of resistance
that makes up the total cell series resistance. During this report
period actual numerical values have been obtained experimentally for the
sheet resistance, bulk resistance, contact resistance at the diffused
sheet electrodes and contact resistance at the bulk region electrodes.
The values have been obtained for both N+/P and P+/N cell types. It

was found that the contact resistance at the base electrode could become
significantly large so that it would influence the total series resistance
of the cell, if the contact was applied to P-type silicon having a
resistivity higher than about 20 ohm-cm. However, for P-type silicon
having a resistivity of about 4-7 ohm-cm and N-type silicon of about

one ohm-cm, the resistance of this electrode is low enough so that it
becomes a minor effect. The contact resistance to the diffused layer

was found to be negligible for both cell types.

1-1
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A theoretical method has been developed for the determination of the
resistance in the diffused sheet through which carriers must pass when

traveling to the contact strip and the grid stripe.

Polycrystalline material has been utiliz«d in the fabrication of both
N+/P and P+/N solar cells in the hopes of developing a cheaper solar
cell, Representative spectral response curves were obtained. The peak
response was found to occur at a wavelength of about 0.73 microns for
the polycrystalline cells, whereas a normal, single crystalline cell,
regardless of polarity, peaks at about 0.85 microns due to the much
higher bulk region minority carrier lifetime, Little change in spectral
response or short circuit current was observed by applying an anti-
reflectance coating to the active surface of a polycrystalline cell.
There was also little change in spectral response observed for poly-
crystalline cells diffused 20 minutes and 45 minutes, though the former
type of cells had considerably higher open circuit voltages and efficiencies.
The highest efficiency yet observed was greater than 9% in sunlight
(M=1), for a P+/N polycrystalline cell having an eight line grid con-
figuration.” This is encouraging, especially in view of the rather

short time these cells have been under study.

In order to evaluate and predict the behavior of state-of-the-art solar
cells under the envirommental comdi:tions to which they may be
subjected, an environmental test was carried out and the power degrada-
tions at a constant voltage were determined. These will provide a
basis for predicting cell behavior under specific environmental condi-

tions.

A bi-variasble experiment was undertaken in which the parameters studied
were the number of grid lines and the diffusion time, in an attempt to
obtain a P+/N cell which is optimized for operation under concentrated
solar intensities of about 300 MW/CM2. The results of these experiments,



which consisted of ten closely controlled experiments, will be analyzed
in a computer program by the USAERDL statistical éonsultant for

determination of the optimum parameters.
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2.0 CONCENTRATED SUNLIGHT MEASUREMENTS

Concentrator experiments were continued during this period with parti-
cular attention directed towards minimizing the resistance in the test
circuit. Series resistance measurements on the cells were made (before
and after the cells were soldered to the copper plate) in tungsten light
using the method described in the First Technical Summary Report. (This
method consists of obtaining the I-V curves of the cell under various
light intensities, marking of points on the curve a fixed AI back

from the short circuit current, and connecting these points with a straight
line. The slope of this line is equal to the total series resistance.)
No significant change in series resistance was observed after the cells
had been soldered to the copper plate indicating that no degradation
was introduced because of the mounting process. The use of a copper
plate as the cell substrate simplified the cell cooling problem during
testing since the copper plate is mounted on a water cooled block and
very good heat conduction is achieved. The series resistance as
measured in sunlight by the same technique was in good agreement with
the measurements made under lower intensity tungsten light thus giving

confidence to the messurement. This data is shown in Table I.

Complete current-voltage curves were obtained in sunlight for N+/P cells,
having diffusion times of 20 and 40 minutes and P*/N cells having dif-
fusion times of 10 and 20 minutes. The short diffusion time for each

type cell corresponds to the typical junction depth of a blue sensitive
solar cell. The curves were obtained under various levels of illumination
from about 100 to 300 mW/cm? by utilization of the three mirror solar

concentrator system described in the first report.

The cells were mounted on a water-cooled plate and were controlled at
constant temperature of 25°C t 2°C regardless of concentration level.
Standard cell readings were taken directly preceding each of the current-
voltage measurements. One series of measurements was taken on 21 September,
and another on 19 November. The same cells were measured on both days

to provide an indication of the reproducibility of the measurements

2 -1
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and the effects of variations of spectral distribution of sunlight on
different days. The results of the tests are shown in Table I with the
number of mirrors used to concentrate the sunlight being the variable.

In the first column the cell identification number is given, while the

' second and third columns give the maximum power output per mA of the

standard cell short circuit current.on 21 September and 19 November
respectively. This quantity was obtained by dividing the maximum power
output, as determined from the current-voltage curve for the cell under
test, by the short circuit current of the standard cell. The standard
cell was calibrated in sunlight and the short circuit current was deter-
mined to be 55.6 mA at 100 mw/cm2 solar intensity as determined by

means of a normal incidence pyrheliometer. The unit solar intensity

in this case was 1.8 mw/cmg/mA. The fourth and fifth columns are
obtained by dividing the figures in columns two and three by the unit
solar intensity of 1.8 mW/cme/mA, thus basing all the power output

data on 1 m'W/cm2 input intensity. These columns are efficiency values

if the celllsactive area is applied to the figures. Columns six and seven
show. the total series resistance of the cells before and after mounting
on the copper plate as determined in tungsten light, and column eight
shows the series resistance of the mounted cells as determined in sunlight
at intensities greater or equal to 100 nW/cm2., The series resistance
values obtained under these various conditions compare well with one

another.

It can be seen from the figures presented in this table that cell #8,
which is a 20 minute diffused P*/N cell, actually seems to increase in
power output per unit solar intensity at the two and three mirror con-
figurations (approximately 200-300 mw/cm2 solar intensity) over the
unconcentrated power per unit solar intensity values. Moreover, the
actual power per unit solar intensity values as measured on each of the
days are almost identical to one another indicating good reproducibility
of results. Cell #8 exhibited the lowest series resistance of the group.



TABLE I

CONCENTRATOR MEASUREMENTS

I T | 11 | v VI VIT VIII
R Ry
Maximum Power Maxjmum Power Unmounted | Mounted Rg
0.8 mT/\I/cm"2 Solar Int. i / em® Tungsten | Tungsten Mounted
o Light Light (Sunlight)
*Cell No. | 9/21/62| 11/19/62 | 9/21/62 | 11/19/62 (ohm) (ohm) (ohm)
O MIRROR
2 .359 .350 .199 .19k .8 .85 .8
1 .375 .362 .208 .201 .6 .6 .5
7 6 416 .231 .231 .55 .6 LT5
8 Rkt L1 .028 .28 4 45 A
1 MIRROR
2 .354 .351 .197 .195
1. .372 .376 .206 .208
7 L4166 19 .231 .233
8 415 RIS .230 .238
2 MIRRORS
2 ~ .348 34k .193 .191
1 .372 377 .206 .209
7 Jdae 406 .229 .206
8 RT3 406 237 .237
3 MIRRORS
2 .340 .331 .189 .184
1 .372 .370 .206 .205
7 406 .397 .226 .220
8 RT3 428 .237 .238
*Cell No. 2 N*/P type - 20 minute diffusion time
1 N+/P type - 40 minute diffusion time
7 P+/N type - 10 minute diffusion time
8 P+/N type - 20 minute diffusion time
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Cell #2, the shallow diffused N*/P cell, exhibited the highest series
resistance of the group and showed the greatest degradation in maximum
power per unit intensity under the more concentrated solar intensities.
The possibility that the cell used as a standard gave slightly erroneous
readings (due to the fact that it was not in the identical location of
the cell being measured), could not be overlooked, although previous
equipment checks had shown excellent uniformity of solar intensity over
the area utilized in this experiment. Therefore as a check each cell
was used as its own "standard" cell: the initial calibration point
being chosen at the intensity corresponding to the unconcentrated

configuration.

For an intensity increase, the ratio of the standard cell short circuit
current at the two intensities should be equal to the ratio of the

short circuit currents of the cell under test, providing that both

cells are seeing the same intensity shift. This can be easily shown

if we consider the standard cell to be cell "a" and the cell being
measured as cell "b". The short circuit current is proportional to

the incoming solar intensity up to intensities of about 400 m‘w/cm2 for
most cells. (For a discussion of the limits of the direct proportionality
of short circuit current to incoming light intensity see the First
Quarterly Report under this contract.) This can be expressed for cell "a"

and '"b" respectively as:

Solar Int.

¢ ISCa ;
Eq. (1)

Solar Int. = K IScb ;

Eq. (2)
where Ig. and Ig, -are the short circult currents of "g" and "b"
a

respectively and C and K are constants which are characteristic of the

cell. If we consider two levels of solar intensity, S(l) and S(g),

2-3
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which have identical spectral distributions Egs. (1) and (2) can be used

to yield:
s i) i)
B RO

Eq. (3)

Equation (3) is valjd ronly if the spectral distributions at the two

light levels are identical, since the constants in Egs. {1) and (2)

hold only for a particular energy-wavelength distribution of the incoming
light. If the energy wavelength distribution doces change at the differ-
ent intensities, the constants do not~cancel out when taking the ratios
indicated in Eq. (3) and this equation must be written in the more

general form:

S0 oW )
s(2) ¢®):(2) ) k(B)1{2) ;

Eq. (4)

where C(A) and C<B) are the constants associated with cell "a" for a
spectral distribution A and B respectively and K(A) and K(B) are the
constants associated with cell "b" for a spectral distribution A and B.
Since it has been found that during the course of these experiments

Eq. (3) is satisfied, which implies that CA EECB and KAEE KB, it is
unlikely that any significant spectral shift has occured during the

course of the measurements.

Columns IIT and V of Table II present the ratio of the short circuit
current at concentrated solar intensities to the short circuit current
at the unconcentrated condition for the standard cells and the experi-
mental cells respectively. Excellent agreement was obtained between

the two ratios for all readings except for cell #1, and even here the



CONCENTPRATOR MEASUREMENTS

TABLE IT

I I III v v VI VII VIII X
‘ Power
Isc | std. | Isc gcgﬁﬁ.) *U | Mexdman
Std. (Conc.) | (Conc.) Power Power Solar ‘
*Cell| Cell Std. I Isc out Col.VI | -.Output | Intensity
No.| (mA) [(Unconc.) sc  |(Unconc.)| (Unconc.) | Col.V (m) | (ol /cm?)
0 MIRROR ]
2 60.0l 1.0 57.5 1.0 1.0 1.0 21.0 107.8
1 60.5| 1.0 52.0 1.0 1.0 1.0 22.1 108.5
7 60.0| 1.0 58.0 1.0 1.0 1.0 25.2 107.8
8 60.0| 1.0 57.0 1.0 1.0 1.0 ob.7 107.8
1 MIRROR
2 98.0| 1.63 k.o 1.63 1.64 1.01 34k 176.0
1 98.5| 1.63 87.0 1.67 1.67 1.00 37.0 181.0
7 98.0| 1.63 9k.0 1.62 1.63 1.01 41.1 174.5
8 97.5| 1.62 93.5 1.64 1.69 1.03 b1.7 176.8
2 MIRRORS
2 136.0| 2.26 130.5 2.26 2.21 .98 46.8 2kk,0
1 134.0| 2.22 120.0 2.31 2.28 .99 50.5 248.0
7 137.0| 2.28 130.0 2.24 2.21 .99 55.6 2k2.0
8 137.0} 2.28 130.5 2.29 2.36 1.03 58.5 oh6.2
3 MIRRORS
2 17k.51 2.91 168.5 2.94 2.74 .93 57.6 315.5
1 174.5| 2.88 156,0 3.0 2.92 .97 6k.5 322.2
7 175.0] 2.92 166.5 2.87 2.76 .965 69.5 310.0
8 174.01 2.90 | 165.5 2.90 3.02 1.01 4.5 | .312.2
%¥Cell No. 2 N*/P type - 20 minute diffusion time
1 N*t/P type - 4O minute diffusion time
7 Pt/N type - 10 minute diffusion time
8 P*/N type - 20 minute diffusion time
Power Out (Conc.)

*#¥U = Utilization Factor =

/Power Out (Unconc.)

Iscgfﬁonc.)/Isc (Uncone.)
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error was only about 4%. The fact that Eq. (3) is satisfied to & good
approximation indicates that the solar intensity was quite uniform over
the area utilized within the concentrator and that the standard cell can
be utilized to determine the incident solar intensity with little or no
error due to the positioning of the cells with respect to one another.
It also indicates that there was little or no shift in spectral distri-

bution during the time of the measurements.

It should be pointed out here that it has been found experimentally

that the relationship between unconcentrated intensity as measured by

a pyrheliometer and the short circuit current of a solar cell is not
simply a direct proportionality, but that due to a shift in spectral
distribution with unconcentrated solar intensity in earth's atmosphere
the current-solar intensity relationship exhibits a behavior waich is
not quite linear. The error associated with such a departure from
linear behavior has been found statistically to be about 5% when linear
behavior is assumed. These results have been obtained from data taken
at Table Mountain, C&lifornia, and it might be expected that an even
larger variation in spectral distribution, and hence a larger error in
assuming linear behavior would exist at sea level. Fortunately, such
errors do not influence these particular experiments adversely since the
relative behavior of the various cell configurations is being studied,
the absolute power levels being used only to provide an indication of
the solar intensity to within about 10%. Also, the effect of a shift

in spectral distribution has not been found to be of concern with respect
to reproducibility of measurements as attested to by measurements which
were taken two months apart and which reproduced one another with an

error of less than 3.5% (see columns IV and V in Table I).

We shall define a utilization factor at any concentrated light level as
the ratio of the power output at that light level to the power output
at the unconcentrated light level divided by the ratio of the short

circuit current of the cell at the concentrated level to the short circuit
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current at the unconcentrated level. That is:

Power out (Conc.)
/Power out (Unconc.)

Utilization Factor = U= I_(Conc.)
sc /Is

(Unconc. )
c

Eq. (5)

The standard cell is then used only to insure that the solar intensity
during the performance of the unconcentrated measurement does not vary
by more than 2%, and the short circuit current of the experimental cell

itself is used as its own standard.

The utilization factor is essentially normalized at the unconcentrated
position, and by knowing the utilization factor at any higher intensity
the power output at this higher intensity can be obtained by simply
multiplying the unconcentrated power output by the utilization factor.

This assumes Isc is linear with intensity.

The 20-minute diffused P+/N cell (Cell #8) actually maintains its
utilization value of approximate. urtity throughout the range of all
three mirror concentration steps (approximately 100, 200, and 300 mW/cm2
incoming solar intensity). The shallow diffused N+/P cell had the low-
est utilization factor (.93) at the three mirror position. The utili-
zation fﬁctors for each of the cells gt the various light levels are

shown in Column VII of Table II.

Figure 2-1 shows graphically the dependence of power output on incoming
solar intensity. Cell #8 shows the best behavior under concentrated
solar intensities (from 100 to 300 mW/cm2) with the shallow diffused
N+/P cell showing the poorest behavior. These results were similar

to the qualitative results obtained during the first quarter. It is
becoming quite clear that the P+/N cells exhibit better efficiencies
under concentrated solar illumination than the N+/P cells when the cells

are fabricated from production-type material.



oot

052 002 . oS!

ol

00l
_ _ [ _
—S3LANINOZ  N/d
SILANIN O  N/d
S3LNNIW 02  d/N
[ SILANIWOb  d/N
IWIL 3dAL

NOISN44id

-2 914
ALISN3LINI HVI0S 40
NOILONNd Vv SV H3IMOd WNNWIXYAN

09

08

WNWI XY

1Nd1n0 H3IMOJ

T-2124




v e N

2 4

The incoming solar intensity was determined by calibrating each of the
cells against the standard cell in the unconcentrated condition and
using each cell as its own standard for the higher concentration levels.
That is, the following equation was utilized to determine the incoming

solar intensity for each of the experimental cells:

P fn_W_ - o T o x¥)eena (anj ’
(%) 1 \om? (©gta  T(0)gern \°® Eq. (6)

where P(x)in is the incoming solar intensity at the leved x; C is the
calibration constant which relates the short circuit current of the
standerd cell to the incoming intensity as determined with a calibrated

pyrheliometer, for the particular spectral distribution as given by

Eq. (1); I(O)std ig the short circuit current of the standard in the

unconcentrated configuration; I(x) is the short circuit current

cell
of the cell being measured in the unconcentrated configuration.(I(o)cell
must be measured at about the same time as I(O)std to insure that the

intensity or spectral distribution does not differ.)

The results obtained from this set of experiments are in agreement with
the results obtained in the first quarter, the indication being that if
all other parameters fncluding-the grid configuration) are kept constant,
the cells which are diffused for twice the length of time as standard
production type cells show more promise under light levels of about

300 m'W/cm2 than the cells presently in production. Furthermore, the
P*/N cells, which had the lowest series resistance, show better behavior
at these intensities than the N*/P cells. This latter fact is probably
due to the lower resistivity base material used to fabircate the P+/N
type cells. During this quarter some N+/P cells were fabricated from
low resistivity (less than 1 ohm-cm) base material but these cells were
considerably lower in efficiency than control cells concurrently fabri-
cated from higher resistivity material and are probably not representative
of the potential which could be realized from N*/P cells fabricated from
low resistivity material. Cells are presently being fabricated from new
low-resistivity P-type material, but have not as yet been processed

through and evaluated.

2a-17



3.0 BSERIES RESISTANCE EFFECTS AND GRID OPTIMIZATION
3.1 General

in the First Quarterly Progress Report, a qualitative analysis of the
various resistance components in the solar cell was presented, however
specific measurements had not yet been made. During this report period,
numerical values have been obtained for the sheet resistence, the bulk
resistance, the contact resistance at the diffused layer electrode,

and the contact resistance at the base electrode for both Nt/P and Pt/N
cell types. Also, a theoretical method has been developed whereby the
resistance of the diffused sheet to carriers flowing to the contact
strip and to carriers flowing to the grid stripe, which are not physical-
ly separable and which are equal only for special cases, can be deter-
mined through knowledge of the resistivity of the diffused sheet and
the physical dimensions of the cell.

A number of experiments have been conducted to isolate the various
sources of series resistance in a silicbn solar cell and to determine
their magnitude. It has been established again that the largest contri-
butions to the series resistance are made by the distributed resistance
of the silicon in the diffused sheet, and the resistance of silicon in
the base region of the cell. The contact resistance of the semiconduc-
tor-metal interface at the base electrode can becane appreciable where
the base material has a relatively high resistivity (on the order of

20 ohm-cm). A brief discussion of the various experiments and their

numerical results follows.

In the first report a model for the equivalent resistance circuit was
presented and this model is shown again as a reference in Fig. 3-1

for the following discussion.
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Resistance of contact strip
Contact resistance between diffused region and electrodes

= Resistance of grid strip

Resistance of diffused region for carriers flowing to contact strip

= Resistance of diffused region for carriers flowing to grid strip

Resistance of bulk region
Contact resistance of bulk region to bottom electrode
Resistance of bottom electrode

Figure 3-|
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3.2 Diffused Sheet Resistance

The resistance of the diffused sheet is commonly expressed in

values of "sheet resistance"”, the dimension of which is ohms, occasionally
also called "ohms per square'. The sheet resistance represents the
resistance of a sheet of the mate;ial, of given thickness but having
otherwise any dimensions as long as it is rectangular, and as its length

equals its width. In this case:

7 o
R = <£fl = fgii = S oms=% Eq. (7)

where,/ is the length, t is the thickness (in this case the diffusion
depth) and ,0 is the resistivity of the diffused layer.

Typical sheet resistance for the diffused layer of P+/N cells is of
the order of 24 ohm, while the typical values of sheet resistance for
the diffused layer of N+/P cells are about 40 ohm or higher. The
measurements are made by means of a four-point probe, the relationship

between current, voltage and sheet‘resistancg/os being:

vV o A ;
/Os = ?[_ I@. = I X 3075 2 Eq- (8)

for equal probe spacing of .0625".

Through utilization of the expression for R) and R5 (the resistance of
the diffused region for carriers flowing to contact strip and for cerriers
flowing to the grid stripe respectively) which is developed in this
report, the sheet resistance and physical dimensions of the cell can

be used to determine the magnitude of these two resistances.
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3.3 Base Resistance

The resistance of the silicon in the base region is determined from the

resistance formula:

Eq. (9)

where the material resistivity, o, is measured by means of a four.point
probe. Typical values of resistance in the base region for P+/N and
N+/P cells are .025 ohm and .15 ohm, respectively. The higher base
resistance of the N+/P cells occurs because of the utilization of higher

resistivity material.
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3.4 Metal-Semiconductor Contact Resistance

The series resistance contributed by the metal to sémiconductor contacts
on the top and bottom of the solar cell has also been considered. This
resistance, unlike the contribution duvue to the distributed resistance
of the diffused layer or the resistance obtained as a result of the
width of the grid lines, does not have to be optimized to scme value for
most efficient operations. Instead the goel is always to obtain the
lowest contact resistance possible as long as mechanical, electrical

or economic factors are not degraded.

For either the P+/N or N+/P type cells the contact resistance to the
diffused or degenerate surface has been found to be about an order of
magnitude lower than the contact resistance on the back side of the
cell for the type material being considered. The contact resistance
between the diffused region and the top electrode can be determined
experimentally by utilizing a slice doped with the same type impurity
as the diffusant and of known resistivity. That is, boron (a P~type
dopant) is diffused into P-type material, and phosphorus into N-type
material. The resistance of the slice prior tc diffusion is deter-
mined by means of a four-point probe measurement and Eq. (9). Since
the length,2~, in this case is about 500u, and the total depth of
diffusion is about 1p (0.5u into each face of the slice), the error in
the determination of the total slice resistance introduced due to the
low resistivity diffused region is negligible (A-lO'6 of the resistance
value).

The contacts are then deposited and the total resistance of the slice
plus the contacts determined from the current I through it and the

voltage drop AV across it:

Eq. (10)
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The resistance of the slice is subtracted from this value and the differ-
ence divided by 2 (because contact resistance to both surfaces 1s being
measured). The contact resistances determined in this manner have been
found to be negative numbers, -.005 ohm for P-type diffused slices and
-.002 ohm for N-type diffused slices respectively. That is, the total
slice resistance after the contacts had been applied was measured and
found to be lower than the resistance value of the silicon as determined
from the resistivity measurement made before the contacts were applied.
This apparent decrease in resistance is probably due to errors in obtain-
ing tﬁe resistivity of the silicon slice which are estimated to be up

to 10%, but serves to show that the contact resistance at the diffused
layer contact is small and is about 0.0l ohm for both N*/P and P*/N solar

cells, which is not significant at this time.

The contact resistance between the base region of the cell and the base
electrode has been determined by applying contacts to both sides of a
silicon slice of known resistance. The resistance of the silicon

slice has been obtained by means of four-point probe resistivity measure-
ments and utilization of Eq. (9). The contacts have been applied by
exactly the same methods as normally used for the base contacts of

P+/N or N+/P silicon solar cells, respectively. The contacts have covered
the total of -both large surfaces of the-wafer; but not its edges. The
wafers used were cut from the same types and resistivities of silicon

as normally used for the base region of silicon solar cells. They have
not contained any p-n junctions. The resistance of the slice with the
contacts applied has bhen been measured and the resistance of the sili-
con itself mathematically subtracted from this total resistance.' The
contart resistance equals one-half the value thus obtained. The factor
one-half occurs because of the fact that contacts have been made to both
sides of the slice. For P-type silicon with a resistivity range of U
to 7 ohm cm, the contact resistance for the standard nickel plated con-
tacts has been found to be .07 ohm with a standard deviation of .05 ohm.
For N-type silicon having a resistivity of about 1 ohm-cm the contact
resistance of the standard nickel plated contacts was .08 ohm with no

significant standard deviation.

3-5
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Contact resistances have also been measured on P-type silicon having
resistivities of 19 to 24 ohm-cm. It has been found that the contact
resistance to this higher resistivity material was .54 ohm with & stand-
ard deviation of .49 ohm. This indicates that in special cases the con-
tact resistance between the base region and the base electrode can
become significantly large with respect to total resistance of a normal
solar cell. The contact resistance increases with increasing resistivity
because of the constancy of the Fermi level throughout a system in
thermodynamic equilibrium, and because of the fact that the Fermi level
of the semiconductor moves towards the center of the forbidden energy
gap resulting in a larger potential barrier at the metal-semiconductor
interface. Hence, it is important that the resistivity of the base
material be maintained relatively low (preferably less than 10 ohm-cm),
if low series resistance is desired. Otherwise, a different cqntacting

technique must be used.

Several contacting techniques which are used successfully in various
semiconductor processes and which appeared to be applicable for solar cell
contacts, were investigated in an attempt to decrease the series resis-
tance of the back contact of the solar cell. The standard nickel plated
contact was compared to a fired or sintered nickel contact and a fired

or sintered silver-titanium contact. The evaluation technique involved
making contact to a silicon blank of the material of interest with no

Junction present in the manner described above.

As mentioned above the resistance of the contact to N-type (about 1
ohm-cm) material using the standard nickel plated contact is about

0.08 ohm. This can be reduced to about 0.02 ohm by using the fired or
sintered nickel type contact. The improvement made by firing is not '
sufficient to justify a complete process change such as this, since

the standard contact resistance is sufficiently low that further effort

in this respect is not necessary.
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Studies of the contacts to the bage of the N+/P cells show that there

is an appreciable contact resistance in certain cases. As mentioned

above the standard nickel plated contact on P-type silicon (4 - 7 ohm-cm)
has a resistance of about 0.07 ohm while on P-type silicon (19 - 24 ohm-cm)
the resistance was about 0.54 ohm. Fired or sintered nickel contacts

were put on P-tvpe material (about 10 ohm-cm) for comparison purposes

and it was found that the results were not consistent. The contact
resistance varied between 0.2 ohm and O.4 ohms. In any case no Impraove -
ment was obtained as in the N-type material. After removing the fired
nickel from the surface of the P-type material by etching in aqua-regia,

it was observed that there were regions on the surface that indicated
N-type when a hot point probe measurement was made. Therefore the
phosphorus contained in the deposited nickel must be diffusing into the
silicon during firing and producing areas which have p-n barriers and giving
rise to inconsistent results. As the resistivity increases the effect
becomes more pronounced and the contact resistance increases to prohibi-
tive values. Therefore for contact to P-type base material this contacting

technique is not advisable.

Contacts made using a fired or sintered silver process were also con-

gsidered for the P-type base contact. These studies showed that the contact

on P-type ( 7 - 14 ohm-cm) material had a resistance of 0.0l ohm, exhibiting
no rectifying behavior and extremely low resistance. Therefore it appears
that for the high resistivity base N+/P cells this contact may be advantageous.
Investigations should be made to determine the magnitude of the resultant
efficiency increase due to the reduction of contact resistance from about

0.07 ohms or greater to about 0.0l ohm.



[ QNN |

3.5 RESISTANCE OF THE DIFFUSED LAYER

Determination of the actual values of the diffused layer resistance

Ry and Rs, of Fig. 3-1 present somewhat of a different problem than”

the other resistances in the equivalent circuit, since these resistances
are not easily separated for individual physical measurement. Also,

one must take into consideration the fact that current density in this
region is not uniform since current generation occurs over the entire
surface, with a subsequent flow to the collecting contacts. The only
easily measureable property of this region is the sheet resistance or
sheet resistivity which has been discussed in a previous section. It

is therefore necessary to develop an expression which accurately describes
the resistance of this layer in terms of these measureable quantities

(i.e. sheet resistivity and dimensions of the cell unit field).

Referring to Fig. 3-2 it can be seen that the diffused layer can be
broken up into identical parts which correspond to a unit field. Within
this unit field there are two areas which are symmetrical about the
grid line and have dimensions% Xx W. These regions are the basic areas
which are repeated throughout the cell and are electrically connected
in parallel. If one considers the probability of the generated current
paths, the collection of the generated current from areas A and B will
be made at the main contact strip and the grid lines respectively.
There will be an artificial boundary line formed at an angle 6 which
separates these areas. The two regions A and B are assumed tc be a
triangle and trapezoid respectively. The first step in determining

the resistance of these areas is to find the electric field developed

in the layer due to the current flow.
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Assuming & one-dimensional flow, we have that the electric field is

equal to the resistivity times the current density. Thus:

Eq. (11)
o % ——
where Ep and J,. are both vector quantities, and/c>(a scalar) being the

resistivity of the media.

The total current i, flowing in the direction of the electric field can
be represented by the product of the current density J,. in the direc-

tion of the current flow and the area A, perpendicular to this flow,
giving:

i = (Jp)(rp 8in ©)(t) ;
Eq. (12)
where t = thickness of media and rp Sin © is the length of the rectangular
area A, r, distance from O (the apex). Figure 3 - 3 is a representation
of this model and can be used for analyzing both the triangle and the

trapezoid regions, the: trapezold being a special case of the triangle.

The amount of current (ir) flowing in the radial direction is a function
of the light intensity incident on the surfaceé of the solar cell, and

from the continuity equation we have:

Eq. (13)

where ip = current produced by photon absorption at steady state condi-

tions in the normal direction to the surface of the cell.

Since, in general, the total current i is equal to the product of the
current density J times the area A through which the current is flowing,
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Eq. (13) can be put in the form:

Inby = Jp A

or . Eq. (lh>
In Ay = (3,)(rp 8in 6)(t) ;

¢

where J, is the generated current density in the normal direction and
A, is the area normal to this current density. A, 1s always taken to be
that area which lies to the left of the area A,.. From Fig. 3-3 we have:

A = % h(rl + re) Sin 6 ;

Eq. (15)
and since h = rp - Iy We have:
2 2
;. Jn(r2 - T )
r - 2 r, t ? Eq. (16)

from the substitution of A, into Eq. (14%). This equation represents the
current density flowing in the radial direction as a function of current
density generated in the normal direction. The substitution of Egq. (16)
into Eq. (12) gives:

2y sin ©

2
Jn(r2 - I‘l

2 Eq. (17)

which represents the current flowing in the radial direction as a func-

tion of the light generated current density Jn.

The substitution of Eq. (16) into Eq. (11) gives:

- 2 2
Jn(I‘Q - )

Er =/‘-) o rg t
Eq. (18)

This gives the value of the electric field7ﬁ} as a function of Tps rl
and Jn‘

3 - 10
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The potential that is produced by an electric field msy be calculated

from:

v = B.aF
path Bq. (19)
where d¥ represents the path over which the field exists. By substi-
tution of Eq. (18] into (19) we can calculate the potential that will
exist in the media due to the field produced by the light generated

changes. The potential ¢ is given by:

o f2 o
¢ = LJE rdr - i—d_ra.
2t 22 L
) 1

Eq. (20)
This represents the general eguation for the potential.

In the determination of the resistance RS’ ry will be equal to a
constant and Ty the variable of integration. The potential equation then

takes the form:

To

o
. A£n N - dar
éRS = S xdr - 1) T
[ Jn :

1 Eq. (21)

In the determination of the resistance Rg, 11 will be equal to zero and
the variable of integration will be r3 (see Fig. 3-3). This is done so
that one will be reminded that the limits of integration are different

in the determination of Rh and R This gives us the potential equation

5
for Ru;
~3
. 2ldn
¢Ru = ot J‘ r dr
0

Eq. (22)

In determining the limits for Eque.(2l) and Eq. (22) one could assume thaet

3 -11
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Rl is a right 45° triangle, but this would be a false azsumption since
there is no guarantee that current flow is not teking place between Ry
and R5. It would be more appropriate to let the potential ¢R) and ¢R5
be equal at the point P (see Fig. 3-4) and solve for the limits of

integration, by solving these equations in terms of one variable, such
as rs. That is). find ry and T in terms of r3 and solve for the r3
which makes the potential ¢R) and ¢R5 equal at the point P, thus

guaranteeing no current flow between R) and R5' From Fig. 3-4 we get
the following relationships: ry = i(g;?)*l and Iy = 2wr and upon the
substitution of these limits into Egs. (21) and (22), wg get the

following potential equation in terms of one variable 3.

S Si_
or T3
3 o o
% = Jn r dr - ___——Sd(W-r?)) r dr
R ot ) N r32 x T
S(W-I‘3) S(W"r3‘)
2 ry 2 rq . Eq. (23)
and
r3‘
2 Jn
¢’R = S r dr
4 2t 0 Eq. (2k)

Upon integrating Eqs. (23) and (24) and letting R = ¢R5 one gets:

‘2 r

2 5 .
3} A 2(w 1) 1o (w )
= -— - — g ~
5 "3 '3 T Eq. (25)

The graphical method was used inithe determination of numerical values for r

3

from this transcendental equation (Eq. (25).) The values of r3 for constant
W and for different values of S (grid stripes).

3 - 12
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are given in Table III. Also given are the values of the angle 6:u:(see

Eig. 3-4) determined by ihe computed r3 values.

TABLE ITI

Case T30 (cm) S (em) W (cm) )
1 .5 < 9 33°41."
2 .37 -?— .9 282kt
3 .286 % .9 26°3
b .2l g 9 2451 !

The value of resistance of any configuration, by Ohm's law, is equal to
the total potential existing across the configuration divided by the
total current flowing through it.

The total current flowing through the section represented by the resis-

tance R_ is:

5

which is, in terms of r

31

i, =i, = In (%) (2W-13)

Eq. (26)
Thus the value of Rg from Egs. (23) and (26) is from the above definition.
SW_ SW_
21'3 o 21‘3

i

2 ' s2(w-r

s = 5e(ai-r3) rdr - §r32
S(W-r3) S(W-r
—Er_3}_ 2t

3-13
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The total current flowing through the section represented by resistance
Ru is:

Sr
ip =1 = Jn(\—Ei)
Eq. (28)

The value of R, can be obtained from Egs. (24) and (28) and is:

T3
_ 2L
Rh = 5% r3 5 r 4Ar
0
Eq. (29)

The above expressions for R5 and Ry, Egs. (27) and (29), are the desired
expressions which describe the resistance as a function of the configur-

ation only.

In the above analysis it should be remembered that it was assumed that
the electric field'ﬁ}, was in the same direction as the path dT. This

implies that the expression for the potential:

¢ = S~ E . at ;

path Eq. (30)
can be represented by:
[} =j B d.r
path
Eq. (31)

Since the field ﬁ% is not the direction of the path then the potential

should be expressed as:

¢’=I E Cos © dr
path

Eq. (32)

3-14
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If one were to express Eq. (32) ag 2 funetion of only one variable, the

function of integration would become too complex due to the geometry of

the configuration. A much simpler method is to find the extremal values
the integral can acquire. This is accomplished by taking the Cos © out

of. the integral sign, giving for the potential:

¢ = Cos G‘S\ E dr
- Eq. (33)

The values of @ will vary between 6 = 0° and 6 = 9; where (i=1,2,3,4)
represents the different 6 values in Tgble III for each case, i.e.,
81 = 6 value for case 1, which is equal to6 56°19' from Table III and

so forth for each case.

Thus from Eq. (33) the values of Rh and R. will lie between the following

5
values:
SW_ SW_
2r or
3 2 2 3
‘ 2R (W-r3) dr\ =« PAR-V
C 0 dr - 22737 - R
(Cos 6;) (StZEW-r35) Tar hr r 5 \St(aW-rg
‘ s(w-r3) S(W-r3)
21‘3 21‘3
S SH
2r 2r
3 2 2 3
rdr - §—£E:£31— Q%
hrq
S(W-r ” 5(W-r,)
er —oF
3 '3 Eq. (34)
and:
3-15
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20 _ P :
(Cc?s 9;) (Str3) rdr < R, = Str3 rdr ;

Eq. (35)

where again Gi (i=1,2,3,4) represents the different 6 values from
Table III for each grid stripping case.

Since the integral on the left and right side of Eg. (34) is equal to
integral on the left and right side of Eq.(35) (this is because of the

potentigl function being equal) we can write Eq. (34) in a much simpler
manner, that is:

-

w
2]
w

. 2, 2.
(sin ;) (m) rdr < R5 < St rdr

o
(@)

Eq. (36)
When the appropriate values of r3, S, Gi, and W from Table III are
substituted into Egs (35) and (36), and given the sheet resistance (’:) which
for a N*/P cell is 40 wnile that of a P*/N cell is 24, the maximum values

of Rl& and R5 are shown in Table IV for the number of grid stripes used.

TABLE IV ‘
N+ /P P*/N
Case Rs Ry Rs Ry
1 11.5 30 n 6.93 n 18 0
-2 7.98n 30.8n 4.78 o 18.55n
3 755 | 40an .53 obh
N 6.66 n k3.3 | 3.8 | 25.9a
3 - 16
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4.0 POLYVARIABLE EXPERIMENTS

In order to establish a trend of solar cell performance at higher levels
of illumination as a function of certain solar cell parameters, a poly-
variable experiment was undertaken during this report period. This
experiment was discussed in a conference at USAERDL and it was decided
to study both NY/P and PY/N type solar cells, using a statistically
designed experiment in conjunction with a computer analysis of results.
The variable parameters which have the greatest influence on cell series
resistance were considered. It was decided that of the solar cell
parameters affecting cell series resistance (grid design, junction depth,
contact resistance, cell size, and bulk resistivity) the host significant
and logical parameters to observe in a polyvariable experiment would be

grid design and junction depth.

It is quite obvious that fabrication of electrodes having the lowest
contact resistance is an optimum situation. It can only be obtained

by the development of a new contact deposition process. Since the lowest
contact resistance obtainable is desired, it therefore would not be
applicable to a polyvariable experiment. For the polyvariable experiment
then, the best contact available within the state-of-the-art was used, and
a separate study was made to improve this contact. Since the basic goal
of the contract is to develop solar cells having the standard dimensions
of 1 x 2 cm2, dimensional variations in cell size were not undertaken in
this series of experiments. ©Should time permit, however, it is possible
that other cell configurations and sizes that have potential for decreasing

series resistance will be studied during the course of this contract.

Studies in past years have been made on the effect of base resistivity
on solar cell:performance for P+/N cells, and the optimum base resis-
tivity material for highest efficiencies at normel sunlight intensities

is presently in use. Higher resistivity material has been used in the



[Re—r |
'

Fap————]

B e meend

e e e eeeed o

fabrication of N+/P cells with the subseqguent sacrifice of some initial
efficiency in order to obtain cells having higher radiation tolerance
for space applications. The experiments done to date utilizing concen-
trated solar illumination show that the N /P type cells fabricated from
higher resistivity base material are much poorer in performence than the
P*/N cells. The main reasons for this are the higher sheet resistances
of the diffused layer and the higher base resistance. The effect of the
high base resistance can be reduced for this program by using lower
resistivity base material, preferably less than 1 ohm-cm, since there

is no radiation resistance requirement. As in the case of the contact
resistance, this variable would not lend itself to a polyvariable experi-
ment since it is already known that the optimum starting material would
be of the lowest resistivity which would still produce high efficiency
solar cells. This resistivity would be in the 0.1 to 1.0 ohm-cm range
since material of much lower resistivity has too low a minority carrier

lifetime to yield high efficiency cells.

Thus, the polyvariable experiment is reduced basically to a bi-variable
experiment involving diffusion time (junction depth) and the number of

grid stripes as the variables.

It should be noted that it is important to reduce the number of experi-
mental points on an experiment such as this. For each data input all
variables except the ones being studied must be kept constant in order
to observe the effect on the paramater which is tc be optimized. For

a semiconductor dev;ce such as the solar cell there are many other vari-
ables which can completely mask the effect of varying the junction depth
and grid spacing. Variations in starting material (silicon crystal),
processes (diffusion, plating, etching, etc.) or testing must all be
minimized in order for the experiment to be meaningful. Tor this reason
the complete experiment for P+/N type cells was run and repeated using
only one single crystal silicon ingot as the starting meaterial. Special
attention was then paid to the processing so that a minimum of breakage

or process variations was experienced. Diffusion

b .2
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effects were minimized by splitting diffusion lots into two groups which
were then processed with different grid spacings thus making it possible
to see only the influence of the grid spacing as a variable. Repeat

runs of each of the points of the octagon matrix were made to add confi-

dence to the results obtained.

Prior to the start of the experiment evaluations of the ingot were

made to insure that the ingot was representative of the state-of-the-art

ingots used in solar cell fabrication. All slices used in the bi-variable

experiment were selected from the same ingot. The diffusion furnaces
were profiled periodically to insure constant diffusion temperature for

all runs of the experiment.

At the conference at USAERDL an experimental matrix was set up as shown
in Fig. 4 - 1 which gives adequate information about the system with a
minimum of experimentation. The variables represent a two dimensional
surface, and the performance criterion, which for these experiments is
power output per unit solar intensity input at intensities of 100, 163,
and 316 mw/cmE, represents a third dimension. This results in the
generation of a three dimensional surface. For the solution of the
problem one then seeks a peak on the three dimensional surface, or a
cendency towards a peak, in order to determine the optimum values of
the parameters. The most efficient distribution of points in the two
dimensional bi-variable surface is such that the points most closely
approach a circle at the periphery of the surface with several points
located in the center. For a ten~experiment series the figure would
then have an octagonal shape with two experiments directly in the
middle as shown in Fig. 4 - 1. Each "X" on the dlagram represents an
experiment of 10 cells having the parameters 'shown on the ordinate and
abscissa. The slices were taken from the same ingot and all parameters
other than the ones being studied were maintained to as close a degree

of consistency as possible.



MATRIX REPRESENTATION OF POLYVARIABLE
EXPERIMENT FOR PYN CELLS

NUMBER OF GRIDS
3 4 5 6 7 8 9 10 Il 12 13
5 X X
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30 | X X
35

401 X X

45
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Actual measurements were made under tungsten light having a colcr temper-
ature of 2800°K and the cells were maintained at a temperature of 28°C #
2°C by means of a water-cooled block. Tungsten measurements were used
instead of sunlight because the stabllity and convenience of this type
light‘soq;ce is extremely good and the same information can be obtained
if the spectral difference is taken into consideration. The incoming
intensity was varied by changing the distance between the cell and the
light thus keeping the spectral distribution of the tungsten source
constant during the tests. Complete current vcltage curves were ob-
tained for each of the cells and for each of the three intensity levels
utilized. The cell power output per unit of power input was the merit
factor chosen for comparétive purposes. Since the cells are to be
designed for use in sunlight the power output had to be based on an
input having the sunlight spectral distribution. This can be done by
determining the relationship or equivalent intensity of the tungsten

light source with respect to sunlight for each cell.

Initially the tungsten 1ight was adjusted to correspond to 100 mw/cm2
solar equivalent by means of three standards whose spectral responses
were approximately representative of the experimental cells. The tung-
sten 1ight, however, will have an equivalent solar intensity of 100 mW/em?
only for cells which have the same spectral response as the cells which
were used, as calibration standards for the tungsten light level, due to
the discrepancy in the spectral distributions between sunlight and
tungsten light. Cells which have more blue response than the cali- -
bration standard will see a lower e juivalent solar intensity than the
standard, while cells which have more red response will see & higher

equivalent solar intensity.

This means that if one were to test all the cells of the experiment in
tungsten light and the intensity equivelent to sunlightwere to be held
constant, the intensity of the tungsten light would have to be adjusted
for each cell tested. This would be very complicated and time consuming.
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Therefore the actual measurement procedure was as follows. The tungsten
light level was set to some intensity near the desired level and this level
was held constant while all the cells were tested. The result was that

the input intensity equivalent to sunlight was slightly different for the

different cells. The data from each cell was then corrected by extrapolstion

to a common solar intensity for comparison purposes.

To determine the equivalent intensity of sunlight for each cell, the
same technique ss described in the '"Concentrated Sunlight Measurements"
section was used. A calibration of each cell was made in sunlight at

a known intensity of sunlight as determined by a pyrheliometer. The
short circuit current was measured and the ratio of the intensity S¥
(calibrating intensity) in mW/cm@ was divided by the calibration

short circuit current I . * in mA, to determine the unit solar intensity
C¥ in mW/cmz/mA. Therefore, each mA of short circuit current corres-

ponds to some sunlight intensity level.

(1) (

then be determined simply by multiplying the unit solar intensity

(1)

The intensity S equivalent to sunlight) of any light source can

of the cell by the short circuit current Ige of the cell as

obtained in this particular light source (1). That is:
sM per (e p ()
Ige *
Eq. (37)
T
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The cell maximum power output per unit of power input or merit factor

F is then:

(1)
Fr s
Eq.: (38)
where P(l) is the maximum power of the cell taken from the EI curve

obtained in the light source (1).

For evaluation purposes, however, it is much more convenient to express

the cell efficiencies at the same intensity, rather than at many different

intensities, which would be the result if the above method were utilized
unless the light level were changed for each measurement to correspond
to the desired solar equivalent intensity. Therefore, the method
actually employed in the evaluation was to extrapolate all the maximum
power values a small amount so that they all corresponded to the same
equivalent solar intensity. This can only be done over small intensity
ranges without error. 1In this study a cross check of the fwo methods
was made and no significant discrepancy in the results was found at

any of the intensity levels studied. This was due to the careful
selection of the standard which was closely representative of the cells
tested. The basic assumption that was used was that the Tollowing
holds true for a particular cell:

I
s

Lo
sC

Q

g

Eq. (39)
where P is the maximum power output of the cell at one intensity and P'
is the maximum power output of the cell at a second intensity and Isc
and Isc' are the short circuit currents respectively. This implies
that the power output increases or decreases exactly as the short
circuit current of the cell, which will be true only if the intensities’

involved are not greatly disproportionate. Otherwise, as was pointed
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out in the concentrated sunlight measurements section of this report,
significant errors can cccur. The equivalent solar intensities from
cell to cell varied from the calibrated tungsten intensities as set up
by the standard cells by approximately ¥ 10%. Therefore, it would be
expected that Eq. (39) would apply. This was verified through actual
computation utilizing the data obtained in the experiments. The power
per unit of solar intensity or merit factor was then obtained from each

cell at each intensity from the following equation:

a "5y Eq. (40)

where: Ca* is the unit of solar intensity of the standard cell "a" used
to set up the tungsten light source (1) and Ig%) is the short circuit

current of cell "a" in this source. Isﬁb and Ié%% are the short circuit
currents in sunlight and tungsten respectively of the experimental cell

being measured.

The tungsten light was set up by means of the standard cells to the solar
equivalent intensities of 100, 163, and 316 nW/cm®, and the power per .

unit intensity was determined for each cell based on these same intensities.

The results are shown in Figs. 4-2 to 4-9. Straight lines are drawn con-
necting the experimental points since only three points were obtained
for each cell, thus leaving the shape of the curve undefined. The right
hand ordinate presents the efficiency based on a 2 cm2 total area. The
experimental points on Figs. 4-2 to 4-5 were determined from the ayer-
age value of Pp.y/mW for each group while the points on Figs. 4-6 to

4-9 were determined from the Pmax/mw for the best cell of each group.

The latter group of figures are probably a more realistic representation
of the potential of the various cell types, since the former figures
most likely include variations in processing. The run numbers correspond
to the following diffusion times: '

-7
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Diffusion Time

Run Number (minutes )

22 5

23 5

ok 20

25 . 20 e
26 30

27 30 “ -
28 ‘ Lo

29 40

30 55

31 55

The highest cell efficiencies at the 316 mW/cm2 light intensity occurred
for the 10 gridded-5 minute diffused cells and the 13 gridded-20 minute
diffusions. The behavior of the 5 minute diffused cells in Run No. 22
is somewhat better than what was expected but was not consistent with
the results obtained from the 10 gridded-5 minute diffused cells of

Run No. 23 since the curve appropriate to the former cells is still
increasing at 316 mW/cm? input, while that of the latter cells appears
to be decreasing. This indicates that another variable is probably
affecting the results. In general, cells diffused for 40 minutes or
longer do not seem to be advantageous for concentfation use due to

the severe loss of response to light in the 6000 A wavelength region,
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5.0 COST FACTORS

In the First Quarterly Progress Report the use of polycrystalline material
in solar cell fabrication was discussed as a possible method of reducing
solar cell cost.

Experimentation in the fabrication of solar cells utilizing polycrystal-
line base material has been continued during this period. The cells
fabricated from N-type polycrystalline material of approximately 1 ohm=-cm
resistivity exhibited spectral responses which peaked at a wavelength

of about 0.73 microns, whereas standard N+/P and P+/N‘cells fabricated
from single crystalline material normaelly peak at a wavelength of about
0.85 microns. These values are based on a constant energy input at

each of the wavelengths measured. This phenomenon was expected since

the polycrystalline grain boundaries introduce a large number of energy
levels in the forbidden gap, and many of these traps act as recombination
centers, reducing the lifetime of the minority carriers in the base region
of the solar cell. This reduces the long wavelength response of the cell
so that the peak response occurs at shorter wavelengths than for single
crystalline cells. The response from the diffused region is not greatly
affected by the additional recombination centers introduced by the poly-
crystalline grain boundaries because many recombination centers already
exist, due to the degeneracy of the region. Thus carrier collection from
the diffused region is relatively independent of further minority carrier
lifetime reduction. Instead junction collection from the diffused region
depends primarily upon the creation of the minority carrier in the space
charge region of the junction or in very close proximity to the junction
so that the electronic field, which exists because of the large impurity
gradient in the diffused region, accelerates these carriers to the junction
before recombination can occur. An example of the spectral response of a
P+/N polycrystalline solar cell is shown in Fig. 5 - 1. This spectral
response corresponds to a significant decrease in the red response thus

making the cell relatively more blue sensitive with

5 -1
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respect to the typical cell made commerclally. Since the typical
commercial type cell is used to standardize the tungsten light sources
(which consistsof much more long wavelength light than sunlight) to
correspond to 100 mW/cm2 of sunlight, it would be expected that these
polycrystalline cells would exhibit higher efficiencies in sunlight

than in tungsten light. Thdis was found to be the case when these cells
were measured both in tungsten light and in natural sunlight at Table

Mountain, California as shown below:

Power Power Eff. (%)
Tungsten Sunlight Sunlight
Cell Number Light M=1 c M=1
Identification of Grid = 100 mW/cm2 at 100 miW /em? Based on
Number Stripes (i) (i ) 2em® Area
81-1 5 12.5 16.6 8.3
81-2 5 12.3 16.2 8.1
. 82-1 8 13.8 18.6 9.3
82-2 8 11.h 13.7 6.9

.

It should be pointed out that the efficiendies shown are based on a ,

2 cm?2 area, whereas it is common in the industry to subtract off a portion
of the area of the contacts in computing the efficiency; thus, for example
the area of these cells would be considered as 1.8 cm2, giving rise to

an efficiency in sunlight of 10.2% for the best cell. In this case cells
having 5 and 8 grid lines were studied to evaluate the effects of more
grid lines on polycrystalline cells. It is not clear which grid con-
figuration is more advantageous from these results, although the cell
having the highest efficiency, 9.3%, (based on 2 cm@ area) in sunlight

has 8 grid lines.

Cells were also fabricated from P-type polycrystalline material having
a resistivity of about 7 ohm-cm. Cells fabricated from this material

were diffused for 20 minutes and 45 minutes to determine the effect of




diffused layer thickness on cell performance., Figures 5 - 2 and 5 - 4
show normalized spectral responses of cells diffused for 20 minutes and
45 minutes respectively. ILittle difference is seen between the responses

of théke two cells, the relative red response being almost ldentical and

a slight ™ ificréase in blue "response occuring surprisingly enough, in the
deeper diffused cell. In Fig., 5 - 3 is presented the response of a 20
minute diffused N+/P poly&rystalline cell with a silicon monoxide anti-
reflectance coating applied. Little difference in relative response

is seen bvetween the coated and uncoated cells which indicates the
coating is not particularly selective in wavelength response. 1In
general, the respongses of the N+/P cells were significantly different
from the P+/N cells, the former cell type exhibiting more red response,
although both cell types showed peak response in the 0.73 - 0.75 p
wavelength region. The Increased red response is most likely due to the
higher resistivity, and hence higher minority carrier lifetime of the

P-type polycrystalline material.

The power output of the N+/P cells have been measured under tungsten
light having a color temperature of 2800°K at a cell temperature of
28°C t 2°C. The following results were obtained:

Effic. Avg.
- Based on
Diffusion Number Voo I P Max. 2 cm2
Time of Grid Avg. Avg. Avg. Ares
(Minutes) Lines Coating (Volts) (ma) (mi ) (%)
20 5 840 A48T 43.6 15.0 7.5
20 10 840 493 bo.1 14.8 7.4
20 5 None 1488 42.0 13.7 6.8
20 ‘10 None A75 43,2 13.3 6.6
45 5 None kg 4o.9 11.1 5.5
L5 10 None 1436 .o 11.5 5.7

In general, it seems that for the 20-minute diffused cells the 5-line
grid pattern gives rise to higher efficiency cells. The 10-line grid

5 -3
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pattern gives rise to higher open circuit voltages, which might be
expected because of the more efficient separation of the polycrystalline
grain boundaries hy the grid stripes. The cells which were silicon
monoxide coated gave, oddly enocugh, no significant increase in short
circuit current as it does in‘the normal single crystal type cell, but
the average power output of these cells was higher than the uncoated
cells. This latter fact may be completely coincidental, since there

was considerably more shunting effect in the uncoated cells as observed
from the current voltage curves, indicating that the lower efficiencies

might have been due to processing.

The 45-minute diffused cells showed the lowest power output, the open
circuit voltages being considerably lower than those of the 20-minute
diffused cells. In cells fabricated from single crystalline material
the reverse is usually true. That is, deeper diffused cells usually
have open circuit voltages equal to or greater than shallowrdiffused
cells. However, in the case of polycrystalline cells the impurity
diffusion might be expected to propagate much more rapidly down the
grain boundaries than through the single crystalline areas, reducing the
open circuit voltage by introducing thin spikes or shgnting paths of

diffused impurities deep into the bulk region of the cells.

Because the N+/P polycrystalline cells have more response in the red
region than the P+/N cells, it is to be expected that the power increase
in sunlight over that in tungsten light would not be as great for the
former cell type as the latter. Time has not permitted verification

of this as yet,

The results of the polycrystalline experiments have continued to look
quite promising and the achievement of an efficiency of over 10% in
sunlight is significant. Further work in this area is obwviously
indicated.
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6.0 ENVIRONMENTAI, TESTS

In order for solar cells to be useful as sourrves of power on earth or

in space the cells should experience a minimum power degradation after
exposure to rather severe enVironmentai conditions. For terrestrial
use, cells should be capable of operating efficiently in extreme desert
heat or arctic cold. The necessity of operating at elevated temper-
atures may be even more pressing if the cells are to be used in concen-
trator systems where no cooling i1s available. It iz Lherefore necessary
to subject cells representative of the state-of-the-art to environmental
conditions more severe than thev would normally encounter, the two most
representative tests being extreme heat and extreme cold. It is well
known that exposure to heat over a period of time degrades some semi-
conductor devices while prolonged exposure to extreme cold seems to

have little effect beyond the initial degradations which usually occur
during the transition between room temperature and the soak temperature,
due to mismatches in the expansion coefficients of the various component
parts of the device. TFor a semiconductor device, a far more significant
test than a low temperature soak would be a series of thermal cycles in
which the temperature of the device would be varied between some temper-
ature above room ambient and the desired low temperatﬁ}e extreme. With
this in mind, the following tests were performed in order to give some -
indication of the capabilities of the various cell, types with respect

to temperature stress.

A high temperature soak or life test was performed which consisted of
simultaneous exposure of 50 N*/P‘cells having an effi clency of 12% and
50 P*/N cells having an efficiency bf 13% to an ambient temperature of

V7155°C for a period of 168 hours. Ten control cells of each type which

did not go through the test were measured along with the tested cells.

The temperature was checked manually seven times each day.
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As a result of the test the N+/P‘cells experienced & mean current improve-
ment at a voltage of 0.4 Volts of 1.1 mA with a standard deviation of

1.2 mA, while the N+/? control cells (which did not go through the environ-
mental test) showed a degradation of 0.1 mA with a standard deviation
of 0.2 mA. The P+/N cells experienced a mean current degradation at a
voltage of 0.48 Volts of 6.0 mA with a standard deviation of 2.8 mA,
while the P*/N control cells exhibited a degradation of 0.2 mA with a
standard deviation of 0.5 mA. The currents were measured at voltages
of 0.4 and 0.48 for N'/P and P*/N cells respectively because these are
near the statistically observed maximum power voltages for the respec-

tive cell types.

The effects of the test on the electrical characteristics of the cells
are guite interesting since there is a distinet difference in results
between the cell types. The N*/P cells exhibited very minute changes
in power output at O.4 Volts (actually an increase was observed) while
the P+/N cells showed a significant degradation in power at 0.48 Volts

which represented about a lO% decrease at this voltage.

A series of temperature cycle experiments was performed on 50 12%
efficient N+/P type cells during which the cell temperatures were
cycled between +62°C to -83°C. The cycling was performed by placing
the cells on a hot-plate which was maintained at 62°C ¥ 3°C until temper-
ature equilibrium was established. Then the cells were placed directly
into a dry ice-acetone bath (~-83°C 1 3°C) until temperature equilibrium
again was attained, so that the cells actually underwent more of &
thermal shock than a cycle. After four hundred cycles the mean maxi-
mum power degradation was 5.6% with a standard deviation of 3.8%, while
the mean degradation in maximum power of the nine control cells, which
were not subjected to the temperature cycle tests was 1.9% with a
standard deviation of 1.6%. The mean current degradstion at 0.43 Volts
was 2.7 mA with a standard deviation of 1.8 mA, while the control cells
degraded 0.6 mA with a standard deviation of 0.7 mA.

6 -2
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After the cells had undergone a total of 800 temperature cycles the
total mean degradation (as compared to the measurements made prior to
any cycling) of maximum power was 7% with a standard deviation of 5%
while the mean maximum power degradation of the control cells was 1%
with no significant standard deviation., The total mean current degrad-
n at a voltage of 0,43 Volts was 3.1 mA with a standard deviation

[e)
Q

of 2.3 mA while the total current degradation of the control cells at
0.43 Volts was 0.2 mA with a standard deviation of 0.8 mA.

The results of the test seem to indicate that the power degradation
experienced after the second series of 400 cycles was quite similar

to that experienced after the first 400 cycles, though the degradation
may be somewhat less severe during the second series. After control
cell corrections are made the total degradation Iin maximum power and
power at 0.43 Volts is about 4.8% and 5.6% respectively for the entire
series of 800 temperature cycles. The conclusion that can be made is
that very severe environmental stresses in the form of temperature
extremes can be experienced with little degradation. Therefore either
the N*/P or the P*/N type solar cell should be equally adjusted for

terrestrial use from this standpoint.
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7.0 CONCLUSIONS

The results of the preliminary experiments on the behavior of cells
having various junction depths under concentrated solar intensities.:
of approximately 300 mW/cm has been verified by Lwo additional
experiments. If all other parameters remain constant, the cells dif-
fused for twice the length of time as production type cells have
higher efficiencies at 300 mW/cm2 solar intensities than the
production type cells. The P+/N type cells were more efficient at the
concentrated intensities than the N%/P cells, probably due to the
lower resistivity material used to fabricate the former cell type.
Various methods of crdss-checking these results were employed and good

agreement was obtained.

The results of the polyvariable experiment will be analyzed by means

of a computer.

A preliminary evaluation of the results indicate that there is no
obvious optimum value for the parameters. Instead it appears that
over the intensity range being studied the variations in the results
are not significantly larger than the variations that one obtains due
to random process fluctuations. Therefore, in several of the experi-

mental runs the actual parameters being studied are partially masked.

Contact resistance at the base contact of N+/P cells can becoﬁe as
large as .5 ohm if base material of about 20 ohm centimeters is used.
For lower resistivity material, below about 10 ohms per centimeter,-
the contact‘resistance can be reduced to about 0. 08 ohms. The contact

neglected for this study.

The spectral response of cells fabricated from polycrystalline material

peaks at a wavelength of about 0.73n due to the low minority carrier




lifetime in the base region of the cell. Deeper diffused polycrystalline
s cells have lower efficlencies than shallower diffused cells, the loss

‘ being mainly in open circuit voltage. Polycrystalline cells having
sunlight efficiencies greater than 9% in sunlight can be made,
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PROGRAM FOR NEXT INTERVAL

The results of the first bivariable experiment as described in this
report will be sent to U. 8. Army Electronicg Research and Development
Laboratory for evaluation and determination of the optimum parameters
by means of computer analysis. If time permits, a repeat set of experi-
ments will be done for basis of comparison and verification of the first
set. .A similar polyvariable experiment will be performed utilizing
N+/P cells fabricated from low resistivity (approximately 1 ohm—cm)

material.

Other studies to be continued during the next period are: improvement
of efficilency of cells febricated from polycrystalline silicon base

material, improvement of cell contacts in order to decrease series

resistance and improve reliability of mechanical strength, and theoretical

optimization of the number of grids and geometrical configuration of

cells.
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IDENTIFICATION OF KEY TECHNICAL PERSONNEL

The following engineering hours of work were performed during this

reporting period.

M. Wolf 107 hours
E. Ralph 274 hours
P. Berman 472 hours
R. Handy , 54 hours
G. Rolik 160 hours
S. vonSzeremy 70 hours
T. Downey 24 hours

There were also 664 hours of work performed by various other Heliot..
personnel, such as Engineering Aides, Technicians and Draftsmen in col-

lecting and presenting the data contained in this report.

A brief resume of Mr. Downey's background that was not included in the

first quarterly report i1s added on the following page.
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James T. Downey, Engineer, Device Development

Born in Los Angeles, California, he attended grade and high schools
at Bishop, Californie and went on to engineering studies at San

Fernando Valley College, North Hollywood, California.

From 1956 to 1961 he was employed by Bendix Corporation, North
Bollywood, California where he was primarily responsible for
test equipment design and manufacture in the Sonar, Radar and
Telemetry fields. He was also involved with programming and

svaluation of automatic production test equipment in these fields.

He joined Heliotek, Division of Textron Electronics, Inc., Sylmar,
California, in 1961 where his responsibilities are the testing of
various types of special solar cells, along with the design and

fabrication of related test equipment.

P



11L0605-6€0-9 Va

N -ooummrogxad arnzeradesy ys7y oa0xdwy puw YDUBISTESIX
S3TI08 25BAINSP O3 AIPIO U PAISPISU0d drIv sanbiuyosy ButadBjuod pasoxdur
: .w___u\i. 00f 9roqm Jo Leysudqui A0S ® 38 pagexado ag o3
sT[e9 §/,d 103 $9dl13s Prill Jo Joquiu DUE SwWf} USTSHIITP wmuwrado sy3 Luyw
-1212p 03 dwels® Uw UL gnC PATIIEd Usdq SBY JuaTXadxd erqurreslrod ¥
~aouwurogxad T2 SUTTLPIsSAIArod o3 900dS3aX Y3T~ POIAPTSUOD X6 surajged
Prid puw sy3dsp UOTSPJJID SUOTIBA  “POFEOTIQRY Uaaq Swy %46 ueqa EELUEL A
Jo (r=w) YITruns T LOUSTOTIFR Uw BuUlAw] TN JuTTTe3sArolTod =\+m v
~pajuasaid sl SIAIND T ds SAT: 9y "TeTIs)ITW 3swq SUTT
-tessixafiod @oag Pe3WILIQEI USIQ IABY Aatrerod §/,d pue m\ N30 sTT9)
~TT90 aYy2 Jo suotsuswip TusTsAud ay3 pue
323Us PasnIIIP 9Us JO AITATISTISSI oYz JO SFPaTA0{ ¥ WOIJ PIUTWISIOP 3Q uwd
sasuwmysiear asayl -HTI3s PTIR 2yl 03 FUTSOTJI SI3TIIEd X0y puw diigs 3983
~U0d o3 03 BUTAOTI SISTITED JOJ UCOTLTS Y} JO IOUBISTSAT a3 JO UOYIETOST
PUB UOTIRUTAISFIG 242 JOF PAdOTOASD UeAQ G8Y Poyldw TYOTRAI0T ¥ “STIND
o383 N/4d PUB J/N JOF PRUTEINDP ATTUIUMITIANXG UIDQ DABY SIPOIIDITP HINQ
Y3 03 POURISTSAL J0URUCD PUS (SDPOIIDITR (I9ART DPISNIJIP SY3 OF SOUBYSTOIAT
3083UOd ‘2oURYSTSII NTNQ ‘IDUBISTSHL 19NYs PISUIFLP JO sInTaa Tungay
-gro0 adAy PISNISFTP MOTTRUS SYI uwyl IR0 umoe ue
20 SY3usr TeIeAss Ses TIP0 A3 PasnyIvp J2dosp 2u3 JO IDUBISTEIX SITIIS AL
-aUBLSUOD PTOY oxoa SIagauwmind ISYI0 IV UaUs AJTSUIIUT I8TO8 Zws/ai QOf Iepun
sousurozIod I5339Q PRATAIUXD STIad uojyonpoxd PIBPUEIS Y3 Se .AY JO YaBusT
2y3 99[a3 XOJ PISUIITR SI8a Yoyys STTe» UTEIw 20U  ~PANUTIUCD UIBQ SBY STTHD
ZB8Tos JO asuwurojrasd syl U JUBITUNS PISBIIUIDUOD JO 3DITFP YL UO HIoH

LLL06-05-6€0-9€ VQ

1xad aan ySTY duy PUB SOUBISTIAL
SOTIIS 9S¥RIOIP O3 IIPIO UT PIIIPTSUGD axw sanbTuyoe3 Pupadeuod pasoadur
. .NEu\Iu. 00f qnoqe JO A379udjul Xuros ¥ Fe pvjexado aq o3
sTT30 17/ g 207 $adTa3s PII8 Jo IegmEnmu pus IWF3 UOTsRIITP wnepido 3 uTw
-I1239p v; 3dWA3T UB UT N0 PITIIND Geaq Ie jusmrradxe atavtIsadrod ¥
" -souswzozrad Y30 AuTTTRISAIOATOE 07 39edSaT YITA PAXLPISUOD 318 SUIIIBE
PTA3 pue SYdaIp UOTSNIITP SNOTIBA *PIIROTIAQRS UedIq S %m uegy Iojwaxd
Jo (T=w) 3YIFTUng ur LOUITDIIIP uw SUTARY TTO AMITTeIsArdATOd :\ 8 Y
+pajuasaxd IR SIAIND d TeI30ads 47 *TeTIsyBM ISV UTT
-Te3shroArod WoXy PI3E0LIquF uasq ey A5TIwTod M/,d Pue J/ N JO STISD
*T{90 ¥z Jo suolsuauyp TeoysAud 3 pue
493Us PasSRIITD Y3 JO A3TATISISSI Y3 Jo APPITAOW © WOJJ PIUTHIIFIP 2q Ued
S3oUB3STSAL 9sayf dTI3S PIIR I 03 FUTAOTZ sIiatareo xoy puw d1x3s 30u3
-ucd a3 03 BUTAOTJ SI8TAIBO 20J HODTTTS 3 JO DULRSTIAX 33 JO UCTIWIOST
PUR UOTRUTUIIID Y3 JOF PAJOTIASP Uaaq SBY pPoyIdm TEIFFAIOMG ¥ STII
adfq =\ +d puw m\+a J0] pauTwIalap ATTeusaTiadxs Usaq dAwy SIPOILOST2 ATNq
3y2 03 IDULRSTSAI DWIUCD DU ‘S3POIFDITS IHKWT PISNJITP I3 03 2IUBSTSAT
25pquod ‘IDUBYSTSIL NIV ‘SOURISTSAT 1S PISNIFIP JO SanTra Ten3dy
*Ttoo A3 PIENIJID AOTTWUS Y3 T IIAOT Wgo ue
JO SYIudy TRIIAIS SBA TTe3 odAg posnyITep Jada9p a4y JO P0UPISIS3I SITIPS I
"IUN35UCD PTHY AIA sIsyawernd Iayjo TT® uwin A3Tsudjul Ieyds ZEO/ma OOF Iapum
aausnrograd I9339Q PIITQIUXD STTPD UOTronpold RIwpuwels 3 $B JWI3 JO y3BuU=T
oYz 90Tng JOJ PISNIITP 9X9m YOTUx STTPD UTEFE PDUQ *PIUFIUOD UIQ S¥Y STID
apfos jo dvumutograd gy U0 UBITUNS Paspijue0ped IO 308332 M3 UO AIoM

goexguo) sdrod TeufIs ¢ 1xoday PITITSSETOUN ‘(€124 )E6-€6-29-KI-TEOT “ON I9PI0 I08x3u0) sdro) Teudis ‘€ 3xodey patITSseIonn (£1n)E5-E6-29-HI-T60OT “ON I3pI0
LLL06-05-6£0-9E "V 39wLau0 sdiop Teudis LLLG3-05-6£0-9€ T 309x3w0) $d10) TeuBIS
STT30 XWLO§ USUTITIS WO SOTIW . 295T ‘4T 29quodaq 03 Z96T ‘ST Idquazdeg ‘axodsy ATX33Iwad puodag T3] BTG UODTITIS UO SOTIBY 295T ‘ST X9quaddd 03 296T ‘S[ Joquadas ‘iiodey ATIajxend pUodds
UOTIRIUSIUOD WITH IO 3I3IT ¥ JATTOY *d 299 Pue ‘Apuwy * [ PUUTOY ‘UVRISE ¥ T UOTIBIIUIIN0D USTH 3O 309332 3 XTION *d ¥Z9) Tus ‘Apuvy * ) PUSTOM ‘HUMISE "y NI
(57358 29708) STIE) YVIOS HOATTIS XONEIOISIE KOH (597293398 19705) - STIE0 ¥VI0S NOOTTIS XOMIIOLLII ROIK
gI93a9AU0) ABIsuy xwTog T BIUIONFTEY TIETAS S203194U0D A2IUF I9TOS T _STWIOFITE) ‘xemihs
SNUIAY UOIIPVTH 006IT d SnudAY WOSPRTD 0052T
<oul ‘SOTUOIIDSTT UOIIXBE JO UOTSTATA ‘NI10TT3H <2uT FSOTUBIIONTH UOIINAT, JO UCTSTATA ‘N10TTRH
QI ITSSYIONN |l *ON UOTSSIIDY av AILITSSVIONN ~ “ON UOTES00Y av
-soururogaad axnjexadwsl ySyy vsoxdur puw SUBISTSIX caoueurozrad amywiadae; ySyy Isoxdel Duw IOURISTSIL
SIS 2SUIIOSP O3 JIPIO UT PITIPTSUOD Arw IINBTHIYILI Suyidwiued paaoxdar SOTIPE ISWAIDIP O3 JIIPIO U PAIIPISUOD 3w $INbTumydes Bur3owiwod paroxdmy
.mEU\..a_. cOf qnoqe 3O A3TSUIUL IW(OS W 2T piamtadc aq 03 .Nlu\‘ 00 INOQE o AJTSUIRUT IWYOS ¥ 3¥ PayEIado 2q 03
STT8D N/ . d 10F s3dT12s PIIF jO J2qUMU PUT SWid UOTSOZITP wman dc ay3 Supw STT#o N/, 4 303 sadixys PIIF JO JoqEau puw I3 VOTSNIITP wmpydo Y SUTW
-1930p 03 qdWAL36 UB UT N0 PITIILO UINQ SBY JudeIIXY dTquireAliod ¥ -2939p 0% 3dwIlav Ue UT N0 DPITAIRD UIIQ, SWY juIMTIAX2 uapﬂ«hiﬂo& v
aouswrozrad TI8D SUTTINGSA2ATod 01 303dSAL YIFA PILIPTEUGD v survzaed “aoumurozaad [Te9 uITT®IsAzoATod 03 goadsal yjta paraprsuod axe suxaygnd
713 pun cysdsp UOTSNIITD SNOTIVA ~PIIWOLIQE] UIBG Sy ¢ UEUy JItedad 729 puw Sy3dop UOTSNIITP SNOTIBA - PIIVITIQES UIaq 99 §5 Usy3 1939asd
Jo (t=w) JYTTTUNS UT LIUITOTFIS ue Butaeq TI20 2up(Tussixdftod K/, d ¥ Jo (T=w) 2ySyruns up L£OUITOTIFP uw FuTAWY TP ;ITTeIsATaLTOd N/ I ¥
-pajuasosd alv §aAIND 1 ds 2a7 adoy - TUTIdLWR 25Bq SUTT ~paju9saad LT $IAIND TB13090s AT “TeLIaee IsBq WIT
-T2IsL10f1ed woXF PeaedTIquy uveq aawy Latxwred H/,d PUT gf N JO STIID -Te3isLIoAT0d woIy FR9ROTIqEY Ussq dawy K3tawrod N/, g e I/ N JO STTD
-T2 Ul Jo SUOTsuaTP T 2Aud Sy3 puv *TI35 Y3 Jo SuOTsuamTp TESTsAYd Iy1 pue
19943 PISNIITP U O KITATASTSAL Y3 JO SBPOTAOWN] © WOIJ PIUTHLIVNDP 9 uwd 493ys PISNIITP 343 JO KITATAISTSSI Y3 JO IBPITAOM ¥ WOIJ PAUTAIHIP Iq Ued
sadumjeTsax 59Yy dTI3s PIX? Y3 03 SUTAOTY SAITIXWO Inj puu dix3s 90m3 390uRySISAT B8yl -dTI33 PTIF Y3 03 FUTAOTF 9X9TsxTo IoF pue dIIgs 30w3
~u0> 9y3 0F SUTHOTF SIPTIIND JOI UODITIS 943 JO IJUBASTIAL oy3 JO UOTINTOSY -u02 3yl 03 BUTAOTJ SaFTLIED JOJ WOOTTIS Y3 JO SVUMGSTEAX 3 JO LOTIVTOST
DIB UOTIBUTLISISD ou3 XoF padoTsAsp USIQ STY POUIAE TEITIAI0AYI Y STIID PUR UOTIWUTWIINRD Y3 20T PIIOTPAIP UPPQ SUY PO TRITIAI0T ¥ “STI30
adfa Nf,d pue df +ll I01 PAUTLIIISP ATTRIUSWIXAEXD UDDQ DARY 2IPOXIII3 ¥TNQ adhy N/,d wue m\+z J0J PITWIILLD ATTHIUMWTIAIXD UdSq I4WY $IPOIFOIT3 YTNQ
Y3 03 20UBICTSIL JITIUCD DUT ‘SIPOILIATI JIANT PISNIITP YL OF SOUIEFIAX U3 03 SJUWINTSII H0BIUOD PUB ‘SIPOIIDITP IIAVY PISNIITP G 03 IVUEYSTSAL
1093UCD ‘IDUTASTSAX ATNQ POUTISTSAI 199Y5 PISNFITP JO RINTUA TONydY 2083U0N ‘2DUBRISISAL YTNQ ‘90UBYSTSAL 9IS PIBNJIIP JO SINTwA TWIDY
~Teo adA PISOIITY AOTTUUS 343 UBHL I9AOT MO UV *Tre0 A3 PISOJITE MOTTWUS U3 UKD I9A0T wuo we
JO Siua} TBISASS SuA TI90 A7 posngITe Xad2sp Yyl Jo IIUMSISIT EITI95 BUE 30 SUIUIY TRISARS SBa TTa0 wdA3 PISNIITD Idadp 3 JO IDUNWISTEIT §ITLas L
+JuUR3SUOD PISY oIon SIajawerod JISY30 TT¥ USYA A3TSUIIUT XBT05 Hud'Ma GOE I9pun SuuUWASUOD PYIM I sI83suweaed Tayjo TI® uss A3TSUIIUT Iw(os MO/ gi QOF JIpUm
sousarogaad I9339q PISTGIHXD STTAD uoT3onpold pampuals oY sv 173 Jo YIRUIT aoupmxoyrad 293329 PISIQIUXP STPD UOT3INPOId WIwpuels I 8¢ J:WT3 JO YyFusy
aU3 SITAI IO PASNIITP 2I9A Yoy~ STTeD UTEIE O0UQ  DSAUTIUOD UG S BTTHD U3 S99TAY JOJ PISNIITIP I9A UOTum STT?° urele 3du) *PINUTIUCO UsIq SBY SYTID
LLL08-05-680-9€ VT Iefog jo vouvmrofiad sy3 Uo SYBITUNS POIVIIUIIUCD JO 3DIIID SYI UG HIOH L1106-05-6£0-5€ ¥a zutos jo woummroyrad syl uO JYBTTIMS PIFWIFUSOUOD JO 3993F9 I3 UO NIoM
3oaz2u0) sdxop TeWdIS °f 1todsyg patITeseroun (E£T2h}EA-EA-29-KI-TAOT *ON IORID 33u13u09 sdiop peudis ¢ 330d9Y PITITSSETAUN ‘(ETRN)E6-€6-29-WI-TEOT "ON X910
11LL06-0S-6£0-0F VG 39wi3uc) sdloy TmdTs LL106-08-6£0-9€ W 3omi3w0p sdIo) TwuBIS
STTID IeTOS UODTTIS UC F0T2BY 2957 ‘6T X3qWRI( 03 96T ‘LT Ivquazdag faa0day ArxsazEnd) puoodg 8TT20 I8[0S UODITIS UO $0T3WH 2957 6T Iequedad 03 296T ‘ST Joqmagdag ‘qrodsy ATIGIEnd) pUODIT
UDTFBIUIDUCY GBTH JO 3953LF B NITOU ‘d vrep Pue ‘ApuwH +, pUETOR ‘wwuiag Y Tned UNTIBVIZUIDUOY UBTH JO 209333 2 XFTOY -d vz Puv ‘A .p oy 1 -y e
(ss71533%8 2eT08) STIED ¥VIOS :oou.mww :wwwﬂwwﬁm S:mwm (891404308 29T0S) STIED HYIOS nouunwmﬁﬁwwhm a_mm.mw
$19139AU0) A3x9ug IBTCS T 819322AU00 ABxeug Iwro§ ‘T 20USAY FOITPRTD 00LET

AILILSSYIONA

JNUIAY SUOISPETH (NG
©2UT ‘OTUNIIVITH UOIIXIT JO UOTSTATA ‘H3I0TTH

“oN uoissaddy av

QITALSSVIONN

*oUL SOTUOXYDITY UCIIXIL JO UOTSTATA I230TT3H
“ON UOTSS22DY - av




[o—

fR——
v

)
'

+
1

’.m d

(SR |

sl B Bs

]

Commanding Officer

U.S.A. Electronice Research and
Development Laboratory

Fort Moumouth, N. J..

DISTRIBUTION LIST
SECOND QUARTERLY REPORT
CONTRACT NO. DA 36-039-8C-90777

ATTN: Logistics Division

(MARKED FOR FROJECT

ENGINEER) (9)
ATTW; SELRA/P (1)
ATTN: Dir of Research/Engineering (1)
ATTN: TFile Unit #1 (1)
ATTN: Technical Document Center (1)
ATTN: Technical Information Div,

(UNCLASSIFIED REPORTS ONLY

FOR RETRANSMITTAL TO
ACCREDITED BRITISH AND
CANADIAN GOVERNMENT
REPRESENTATIVES )

0ASD (R and D), Rm 3E1065
ATTN Technical Library
The Pentagon

Washington 25, D. C.

Chief of Research and Development
0CS, Department of the Army
Washington 25, D. C.

Commanding General

U.85.4, Electronics Command
ATTN: AMSEL-AD

Fort Mommouth, N. J.

Director

U.5. Naval Research Laboratory
ATTN: Code 2027

Washington 25, D. C.

Commanding Officer and Directér
U.S. Naval Electronics Laboratory
San Diego 52, California

Air Force Cambridge Research
Laboratories

ATTN: CRZC

L., G. Hanscom Field

Bedford, Massachusetts

(3)

(1)

(1)

Rome Air Development Center
ATTN: RAAID
Griffiss Air Force Base, N. Y. (1)

Commanding General

U.S.A, Electronics Research and
Development Activity

ATTN: Technicel Library

Fort Huachuca, Arizona (1)

Commanding Officer

Harry Diamond Laboratories

ATTN: Library, Room 211, Bldg. 92
Connecticut Ave and Vann Ness St., N.W.
Washington 25, D. C. (1)

Commanding Officer

U.5.A. Electronics Material Support
Agency

ATTN: SEIMS-ADJ

Fort Monmouth, N.J. (1)

Deputy President
U.S.A. Security Agency Board
Arlington Hall Station

Arlington 12, Virginiae (1)

Commender

Armed Services Technical Information
Agency

ATTN: TISIA

Arlington Hall Station

Arlington 12, Virginia (10)

Chief

U.S.A. Security Agency
Arlington Hall Station

Arlington 12, Virginia (2)

Commander

Aeronsutical Systems Division

ATTN: ASAPRL

Wright-Pstterson Air Force Base

Ohio (1)

Air Force Cambridge Research
Iaboratories

L. G. Hanscom Field.

Bedford, Massachusetts (1)




-y
i

FREE | [

DISTRIBUTION LIST
SECOND QUARTERLY REPORT
CONTRACT NO. DA 36-039-8C-90777

Headquarters

U.S. Army Materiel Command

Research and Development Directorate
ATTN: AMCRD-DE-MO

Washington 25, D. C. . (1)

Commanding General
U.5.A. Electronics Command
ATTN: AMIEL-RE-A

Fort Mommouth, N. J. (1)

Commending General

U.5.A. Combat Developments Command

ATTN: CDCMR-E

Fort Belvoir, Virginia (1)

Commanding Officer

U.S.A, Communications and Electronics
Combat Development Agency

Fort Huachuca, Arizona (1)

Director

Fort Monmmouth Office

U.S5.A. Communications and Electronics
Combat Development Agency

Fort Monmouth, N.J. (1)

Air Force Systems Command
Scientific/Technical Liaison Office
U.S. Naval Air Development Center

Johnsville, Pennsylvania (1)

Corps of Engineers Liaison Office

U.S.A. Electronics Research and
Development Iaboratory

Fort Mommouth, N. J. (1)

Marine Corps Liaison Office
U.S.A., Electronics Research and
Development Laboratory

' Fort Mommouth, N. J. (1)

AFSC Scientific/Technical Liaison Office

U.S.A. Electronics Research and
Development Laboratory

Fort Monmouth, N. J. /(1)

Power Information Center
Moore School Building

200 South Thirty-Third Street
Philadelphia 4, Pennsylvania

Dr. Si@ney J. Magram
Physical Sciences Division
Army Research Office

3045 Columbis Pike
Arlington, Va.

Dr. Ralph Roberts
Head, Power Branch

Office of Naval Research (Code 429)

Department of the Navy
Washington 25, D. C.

Mr. Berrnerd B. Rosenbaum
Bureau of Ships (Code 340)
Department of the Navy
Washington 25, D.C.

Mr. George W. Sherman
Aeronautical Systems Division
ATTN: ASRMFP

Wright-Patterson Air Force Bsse
Ohio

Dr. John H. Huth

Advanced Research Projects Agency
The Pentagon, Room 3E157
Washington 25, D. C.

It. Col. George H., Ogburn, Jr.
Auxiliary Power Branch (SNAP)
Division of Reactor Development
U.S. Atomic Energy Commission
Washington 25, D. C.

Mr. Walter C. Scott

National Aeronautics and Space
Administration

1520 H. Street, N. W.

Washington 25, D. C.

(1)

(1)

(1)

(1)




Institute for Defense Anelysis
1666 Connecticut Avenue, N. W,
Washington 25, D. C.

ATTN: Dr. George Szego

ATTN: Mr. Robert Hamilton

United Aircraft Corporation
Hamilton Standard Division
Broad Brook, Connecticut
ATTN: Mr. Wm. Michel

Transitron Electronic Corp.
168-182-Albion Street
Wakefield, Mass,

ATTN: Mr., E. Brown

Texes Instruments

DISTRIBUTION LIST
SECOND QUARTERLY REPOET
CONTRACT NO. DA 36-039-SC-%0777

Semiconductor Components Division

P, 0. Box 5012
Dallas 22, Texas

Radio Corporation of America
Defense Electronic Products
Front and Cooper Streets
Camden 2, New Jersey

ATTN: Contract Services

International Rectifier Corp.
1521 East Grand Avenue
El Segundo, California

Hoffmen Electronics Corp.
1625 I Street, N. W.
Suite 1009

Washington, D. C.

Boeing Airplane Company
Seattle, Washington
ATTN: Mr, R. W. Curran

Goodrich-High Voltage
Astronautics, Inc.

Burlington, Mass,

ATTN: Mr. W. J. King

(1)

(1)

(1)

(1)

Netional Azronautics and Space
Administ;ration

Chemistry und Energy Conversion
Division

Lewis Resetrch Center

21000 Brockperk Road

Cleveland, Chio

ATTN: Mr, J. Mandelkorr

Department of the Air Force

Aeronautical Systems Divisicr.

Wright-Patterson Air Force Bete

Ohio

ATTN: Mr. Joseph F. Wise
ASRMFP-2

The Eagle-Picher Comypeny
200 9th Ave,, N, E.
Miami, Oklahona

Bell Telephone Labhoratcries
Murray Hill, New Jersey
ATTN: Mr. U. B. Thomas

General Motors Corporatior
Defense Research Laborstories
Sante Barbara, Californie
ATTN: Mr. John Werth




