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Introduction to the Third Working Meeting on
Gallium Arsenide Solar Cells

September 25-26, 1975

In the early to mid 1960's the U.S. Air Force contracted with RCA
to develop gallium arsenide (GaAs) solar cells. The program terminated
in 1965 with 7% efficient cells made by silicon-solar-cell-like tech-
nology. In 1969, the Electronic Materials Working Group of OARI'
reviewed this érea aﬁd recommended that NASA initiate a GaAs solar
cgll development progran using the improved technologies developed
specifically for GéAs. In the spring of 1971, Langley took over
managemént of a grant from OART and began the first Langley program
on GaAs.solat cells. |

This was the third GaAs Solar Cell Meeting. The first meeting,
October 1972, resulted in a decision to reduce research on diffused
cells and activg;e plans to make two-layer cells. The second meeting,
February 1974, highlighcea sﬁbstantial efficiency gains'for Gats cells
and’ demonstrated the need for improved GaAs material to achieve’higher
ef%i;iency spiar éells.

This third meeting ewphasized (a) efficiency over 147%Z, (b) ini -

tial results on cells witi: the improved GaAs, and (<> new thrusis ..~

the program. Dramatic rav thrusts were a cell with & built-in fileld
for high collection e*i:i~ncy (vot reported) and a systams stuc’ on
Caks cells witii solar v oontrazors for terrestrial appliication.



Three other NASA solar cell programs were presented: (1) Dr. James
Hutchby of Langley discussed his graded bandgap GaAlAs cell; (2) Dr. Richard
Stirn, JPL, presented his recent advances with Schbttky barrier GaAs cells;
and (3) Dr. Mike Godlewski from Lewis Research Center presented a brief
overview of his center's silicon solar cell research. This document

contains the summaries of the papers presented.
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CURRENT STATUS OF SILICON SOIAR CELL TECHNOLOGY

Henry W. Brandhorst, Jr.

NASA-Lewis Rasesrch Center

Cleveland, Ohio

ABSTRACT

In quest of higher efficlency, major progress
hasg occurred in solar cell technology during the
last five years. In this period cell efficiency
has climbed about 50 percemt. Technical approaches
leading to increased output include back surface
fields (n*-p-p* structures), shallow junctions,
improved antireflection coatings, surface textur-
1zing, and fine grid patterns on the cell surface.
The status of current solar cell technology and
its incorporation into cell production is discussed.

Research and development leading to imprcve& per--
formance and reduced cost are also described.

INTRODUCTION

Miring the last five years, the efficiency of
gilicou solar cells has increased dramatically. In
1970, the average outer space efficiency of silicon
solar cells was 10.5%. In 1975, laboratory cells
have reached efficiencies above 15% and product jon
cells are in the 13% range. Most of the increased
output has resulted from increased short-circuit
current, with only minor increases in voltage being
reported, It is eppropriate to review the past
accomplishments_.so that the future potential of
the cell and the pertinent research problems can
be clearly defined.

STATE OF PRESENT TECHNOLOGY
Short-Circuit Current

Short-circuit current can be increased in two
ways. First, the amount of light entering the
cell can be increased by reducing the surface area
covered by the grid pattern and by reducing the re-
flectivity of the surface.

Grid Pattern: In 1970, the standard grid pat-
tern on g 2x2 cm cell covered about 10% of the cell
gsurface. 3By use of improved metal masks or photo-
resist technology, averuge coverage is now in the
5-7% range.

Antireflection Coatinzs: The conventional
antireflection cuzling in 1970 was a guarter wvave-
length coating of £i0. However, whern the cell:
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were covered with adhesive and a coverslip, a loss
in current of about 3% was obtained. Reoptimization
of the antireflestion coating to account for the
cover glass required coatings with a higher refrac-
tive index such as TiOx, TaaOS and Nb205. As shown
in Table I, the use of these Coatings 124 to an in-
crease in current of about 5% on covering and an
advantage over a glassed SiO cell of about 7%.

Texturizing: - The most important advance in
increasing the amount of light entering the cell
came through surface texturizing, The use of the
basis chemical etches such as KOH, NaOH or hydra-
zine in 100 silicon surfaces results in surfaces
covered with a myriad of pyramids as shown in
figure 1. This surface yields two benefits. One
benefit arises from multiple reflections experienced
by the incoming beam as shown in figure 2. This
reduces bare surface reflectivity from 33% to about
114. Addition of a Tay0; antireflection coating
and & cover glass leads 20 a reflectivity of ' only
3% compared to about 10% average reflectivity for
a smooth cell coated with SiO. N

A

The second benefit arises because light is re-
fracted as it enters the silicon and trasvels oblique-
ly through the -cell. Collection efficiency:increases
because light is absorbed closer to the junction.
Also more infrared light is absorbed because the
path length is greater than the silicon thickness
and because the light is totally internally reflect-

"ed from the smooth back surface. These factors also

increase cell current.

Shallow Junctions: To reduce the effec .z of
poor collection efficiency in the diffused regior
(due to anamalous phosphorus diffusion protiles and
low lifetimes), shallow junctions have besn used.
Sheet resistances in the 150 t0 S0U &/p rsoge o
sulting from phosphorus diffusiorn in the -
temperature range yield junction derins on L1+ urder
of 0.1 ym. These have led to substantial incrcaser
in the blue region of the cell spectral respor:c.

Increased Minority Carriey Lifetim=: The mi-
nority carrier lifetime measured ir n” Ar Cells
ranges from & to 10 microseconds. Stud
shown that the front and back surfece reoonbinziion
velocities and the wafer thickness signivifaaily
influence ths meusured lifetime. For example, &




300 ym thick cell has an 8 usec lifetime while a

100 um thick n*-p cell has a lifetine of only about
1 usec. Use of a back surface p*.field (n*-p-p*
structure) ylelds an essentially zero surface re-
cambinat ion velocity plane. Accordingly, the life-
time increases to about 30 usec in 300 m thick de-
vices. This increase in lifetime yields an in-
crease in short-circuit current of only a few per-
cent but leads to a more important effect on cell
open-circuit voltage.

Open-Circuit Voltage: FEfforts to increase the
voltage have explored several areas. The inclusion
of a back surface field in 10 {l-cm cells produced
an increase of about 50 mV in open-circuit voltage.
However, almost no effect was observed for 1 Q-cm
material., It is believed now that the increased
voltage results from the presence of the near zero
_surface recombination velocity p*-p low-high junc-
tion coupled with the increased lifetime noted
above.

Device Performance and Production Status

Increased device performance results from in-
clusion of the above technologies into the cell.
However, transition from the laboratory to cost
effective production is difficult and represents
a significant barrier to rapid introduction of new,
marketable solar cell devices. Table II summarizes
the technologies used and the production status of
current improved efficiency cells., Table III com-
pares the performance of the 1970 cell with select-
ed new technology cells, all with cover glasses.
The 13% efficient Helios cell is in high volume
production at Spectrolab. The violet cell nearing
production by OCLI, was not included in Table III
gince it has the same features of the Helios cell
but with a slightly higher voltage which leads to
& 13.5% efficiency. The highest performance, 15.3%,
is achieved by the CNR cell. This cell remains in
laboratory production at the COMSAT laboratory.

From Table III it is clear that most of the-
improved output comes from increased short-circuit
curregt. The increased voltage comes from use of
the p back surface field and lower resistivity
material. Improved fill factor is the result of
both improved grid geometry and junction prccess-
ing procedures. A comparison of the spectral re-
sponse of & CNR cell and a 1970 cell is shown in
figure 3. The CNR cell has a quantum yield (elec-
trons collected per incident photon) above 90% over
most of the response region. Thus it appears that
1ittle further improvement in short-circuit current
can be anticipated in the future.

FUTURE RESEARCH AND TECHNOLOGY TRENDS

Although developments to date have been sig-
nificant and exciting, additional research and
development opportunities exist. Efficiency in-
creases can be expected and cost reductions by
orders of magnitude can be predicted. Basic re-
search and high technology will both play a sig-
nificant role.
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Open-Circuit Voltage

The last substantial barrier to achieving the
maxinum practical efficilency of about 19% is the
open-circuit voltage. Although simple diode theory
predicts an increasing voltage with decreasing re-
sistivity, contrary results are obtained experi-
mentally as shown in figure 4. The highest voltage
reported for 0.1 fl-cm material igs 0.61 V instead of
the 0.7 V calculated. Also the base region minor-
ity carrier lifetimes in the 0.1 and 0.0l fl~cm cells
are sufficiently great soc as to yleld much larger
open-circuit voltages. Thus it appears that a low
emitter efficiency of the diffused region is the
cause of poor voltages. Several effects may act
to reduce the voltage. These include band gap
narrowing, increased interband transition rates
and defect clustering. These mechanisms also in-
fluence bipolar transistor current gain and fre-
quency response and hence are an area that should
receive great attention. The kinship between solar
cells and transistors is rather close at this time.

Technological approaches aimed at increasing
cell voltage have examined alternate dopants, ion
implentation and epitaxial structures. Of these,
epitaxy seems to offer the most advantage at this
time. By use of heavily doped substrates, and dop-
ing gradients within both the base and the emitter
region, open-circuit voltages above 630 mV have
been achieved. While this gain is modest, it may
be the harbinger of things to come.

Short-Circuit Current

The one remaining research area related to cur-
rent is determination and reduction of cell surface
recombination velocity. Preliminary measurements
of the surface recambination velocity on diffused
solar cgll surfaces yield values between S5 and
10 x 10> em/sec, which is much lower than had pre-
viously been egtimated. However, reduction to a
value below 10§ om/sec is required before full
short-circuit current can be achieved.

Wrapping the front contact around to the back.
of the cell eases interconnection of cells and may
increase cell current and power by reducing front
surface blockage. Simply wrapping the diffused
Junction around the cell edge has resulted in un-
acceptable leakage currents. Development of wrap-
around contacts for high efficiency cells warrants
further study.

Low Cost Technology

The final barrier to widespread use of solar
cells is cost. The ERDA National Photovoltaic Pro-
gram is clearly focussed on this target. Both auto-
mated, high rate cell production and new technolo-
gles wi].l be required to meet stringent cost re-
quirements. Table IV summarizes some of the low
cost, non-vacuum technologies that are currently
being investigated for automated production. Cell
costs have been reduced from $80/watt for space
cells to under $10/watt for present terrestrial
cells. The use of large circular wafers up to 10 cm



‘diameter have aided this reduction., Automation is
evpected to reduce cell costs tos$2/watt in the
next few years. Additional major technological
advances to reduce the cost of polycrystalline sili-
con and development of low cost aingle crystal sil-
icon ribbon growth or wafer preparation together
with further gains through automation are expected
to yield 10-50¢/watt arrays by 1985.

SUMMARY

The progress made in improvement of the sili-
con golar cell has yielded a 50% increase in cell
efficiency in the last five years. Current labora-
tory cells have reached an efficiency above 15%
and continuing efforts are siming at the 19% prac-
tical 1limit. The future holds research and develop-
ment opportunities aimed at increased cell perform-
ance and ultra low cost production methods.



TABLE I1-1 EFFECT OF COVER GLASSING ON
SHORT-CIRCUIT CURRENT OF SOLAR CELLS

SHORT-CIRCUIT CURRENT

Sio0 Ta,04
COATED CELL ONLY 142 mA 140 mA
COATED CELL WITH 138 mA 147- mA .
COVER GLASS AND
ADHESIVE

TABLE ITI-2 SUMMARY OF PRESENT HIGH EFFICIENCY.
SOLAR CELLS

DESCRIPTION STATUS

HELIOS CELL

20 Q-CM
pt cK
BA : IN PRODUCTION

SHALLOW JUNCTION . BY SPECTROLAB
THIN GRID FINGERS ‘
Ta,05 AR COATING

VIOLET CELL

2 Q-CM
P* BACK , o
’ *  NEARING PRODUCTION
VERY SHALLOW UNCTION
’ . BY-OCLL.

FINE GRID FINGERS '
Ta,05 AR COATING

COMSAT NON-REFLECTIVE CELL

ETCHED, LOW REFLECTION : " LABORATORY, NOT
SURFACE ‘ OPTIMIZED

OTHERWISE LIKE vuoLET"cELL ~° COMSAT CORP.




TABLE II-3 - PERFORMANCE COMPARISON OF SILICON SOLAR CELLS

1970 PRODUCTION  HELIOS

CELL CELL
SHORT CIRCUIT CURRENT, I, 138 mA 157 mA
OPEN-CIRCUIT VOLTAGE, Vg, 545 mV 585 mV
MAXIMUM POWER, P ., 55 mW 70 mw
FILL FACTOR=, FF 73% 76%
EFFICIENCY (AMO), 7 10. 2% 13%

VOC IS(:

x 100

TABLE IT-4- NEAR TERM SOLAR CELL COST
REDUCTION APPROACHES

IMPROVE MATERIALS UTILIZATION

- USE LARGER DIAMETER SINGLE CRYSTAL INGOTS

- REDUCE SAWING LOSSES
USE ROUND CELLS .
REDUCE KERF LOSS

AUTOMATE CELL MANUFACTURING PROCESSES

- ELIMINATE VACUUM PROCESSES
USE SCREEN PRINTING FOR CONTACTS
USE ''SPIN ON'' TECHNIQUES FOR
ANTIREFLECTION COATINGS

. - ELIMINATE GASEOUS DOPANT SOURCES
USE ''SPIN ON'' TECHNIQUES
USE ION IMPLANTATION

CNR
CELL

181 mA
595 mV
83 mW
17%
15.3%



#5° OBLIQUE VIEW

v/
45° OBLIQUE VIEW ROTATED 70° s
Flgure II-1, - Viewsof texturize&_.surfa:& '
671,
Figure IT-2, - Optical path diagram of tetrahedral texturized surface.
Q
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CNR CELL

QUANTUM 1970 TECHNOLOGY CELL
- YIELD .5
i
0 | ] |
4 .6 .8 Lo
WAVELENGTH {um)
Figure II-3. -Quantum yield comparison of solar cells.
.8 —
= =O-—BEST MEASURED
OPEN
CIRCUIT B SIMPLE THEORY
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VOLTS RESISTIVITY
6 — ~<
=~ ~
N
0.010
50 etm 1 | !
101° 1016 10]7 1018 1019
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Pigure Ti-h. - Dependence of solar cell open circuit voitage on

Py jevel,
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THE IBEM PROGRAM ON GaAs SOLAR CELLS

H. J. Hovel, J. Woodall

The program at IBM consists basically of 4 parts:

1) materials studies,

2) optimization of the "basic structure" for operation -at AMO,
3) the investigation of exploratory structure,

4) a study of temperature effects on GaAs cells (Figure 1).

The materiais studies are centered around the growth of‘vefy_thin,
sub-micron GaAlAs layers of high Al content and methods of contaéting the
resulting solar cell structure (Figure 2) that result in low contact
resistences. The advantages of thin GaAlAs layers can be seen in Figures
3 to 6, where theoretical calculations qf the spectral response, photo-
current, and AMO efficiency are shown for the "basic structure" (p-p-n).
Figure 3 shows the spectral response for various GaAlAs thicknesses (86Z'A1).
The response to high energy photons is strongly enhanced for thicknesses
below'l ym. The experimental results shown in Figure 4 agreé well with the
computed ones. The computed short circuit currents at AMO are shown in
Figure 5. The top line represents the photocurrent that would be obtained

3

from highly perfect conditions: S _ = 10° cm/sec, =4 x 107 cm/

top
= 0.81y, L

-Sinterface

sec, = 0.8y , L s = 4.5u , = 3u . The second

X5 GaAlAs pGaA L Gaas
6 4

o " R = =
line is for more typical” device parameters: :StopA 10" , Sint 10",

= 0.84 , L = 0.27u , L = 1.8u , Ln = 1.96u , where S

Xy pGaAs GaAs
denotes recombination velocity and L denotes diffusion length. The AMO

GaAlAs

v

efficiencies in the two cases are shown in Figure 6. Values of 157 should

be‘obtainable for GaAlAs thicknesses above 2y, and considerably better

11



efficiencies could be obtained with sub-micron thick layers. "Limit"
efficiencies are several points higher. (It should be emphasized that these
are idealized values; contact area masking would reduce these by around
0.95, and reflection by 0.97.)

A table of measured values for various‘devices is given as Figure 7.
Open circuit voltages are generally in the 0.95-0.99 volt range at 20°C;
lowver values are obtained when 'poor quality" substrates are used. Short
circuit currents (correcéed for conﬁact area) are usually about 22-23 mA/cmz,
slightly lower than‘expected; Most of the devices have been 12% efficient
or o§er (contact area corrected) with several units over 137%. The
efficlencies are much less dependent on junction depth than originally
-expected, which is a confirmation that the interface recombination velocity
in the devices is negligible and that the electron diffusion length in
the pGaAs is well in excess of 4y.

The small dependence of photocurrent and efficieﬁcy on junction depth
led to research on the firét of the two exploratory structures, Figure 8.
It should be possible to overcome the common problem of poor quality sub~
_strates by fabricating deep junction devices where all of the reievant light
Ais absorbed in the pGaAs and a poor lifetime in the base would not affect
the photocu;rent. This can only be successful if the diffusion length in the
pGaAs considerably exceeds the junction depth. The wide pGaAs region can
be produced by epitaxiai_growth, such as a Ge doped epitaxial layer, or by
allowing the.Zp to diffuse in fgrthe: than usual, The deep Zn diffusion
method has proven successful by the additional step of "leachirng' the
device in the Ga melt sc that fast-diffusing lifetime killers such as Cu
can be removed {rom the sample inte the Ga, Filgure 9 shows calculated
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spectral responses for a p-p-n cell with a hole diffusion length of 0.35u and
various electron diffusion lengths in the pGaAs. The measured response for
the leached cell SCB62 is also shown, indicating a Ln of over 4u even

though the measured starting Lp was 0.351 . This cell was over 147

AMO efficient (contact area corrected). Figure 10 shows the calculated
efficiencies for deep junction cells and how they compare with the previous
values. The slightly lower efficiencies are cue to the higher expected
dark currents in the poor substrate devices. »

Figure 10 also shows the calculated efficiencies versus Junction depth
for the second type of exploratory structure depicted in Flgure 8 a very
shallow junction device. Figure 11 shows the spectral responses of such
cells compared to various GaAlAs~-GaAs structures. The éahlAs devices:are
superior to the straight GaAs junction under almost any-conditions-at low
and intermediate photon energies, while the GaAs junction has an advantage‘
at high energies. The AMO efficiencies (Fig. 10) are several points iower.
The only reason for pursuing this structure therefore is an economic one,‘
and it has a low priority in IBM's'prcgram compared to theicther structnres.

The final phase of the program involves temperature studies‘on GaAlAs-
GaAs p-p-n cells. Figure 12 shows how the absorption coefficient of GaAs
varies with temperature. The Shlft to lower photon energies should con-
siderably enhance the photocurrent. The effect of the absorptlon coeff1c1ent
on the calculated spectral respon e is g1ven in Figure 13a, and the addi—
tional effect of the expected diffusion length dependence on temperature is
shown in Figure 13b. The GaAlAs structure is an excellent tool for studylng

diffusion length—temperature behavior because of the absence of surface

13



reégﬁbinﬁtioﬁ complicétipns.' Figure 14 shows ﬁow the ba;e diffusion lengtﬁ
caﬂ be.stﬁdied ﬁsiné é shallow junction devicé, where the response.is
derived enfirely.from the base. Figure 15 shows how the electron diffusion‘
length in-the ﬁGaAs.cah be studied using a deep junction device where none
of tﬁe respoﬁse is>der£ved froﬁ the base.- The meésured spectfal resbonses
of-a deep'junction aevice are shown in Figure 16, and the best fit calcula-
ted respénses are givennin Figure217. A considerable imprerment in dif-
fusion length with increasing tempérafﬁre is indicated, as suggested
earlier Sy Viims and:Spicer . Aépl. Phys. 36, 2815 (1965)). Thé measured
diffﬁéién iéngths in‘severélvdévicés are-g1§én in.Figufe 18; aiong wigﬁ“the:
Vilms and Sﬁicer data. The improvement with temperature should translaté

: info higher photocurrents with increasing témperature.

'The calculated photocurrent as a function of temperature for Several
conditions are shoﬁﬁ in Figure 19. If the shift in absorption edge alone
were acting, a conéave—upward increase 1s predicted. If the diffusion
length improvement alone were involved, a concave-downward, saturating
result is predicted, as expected. When both variations are taken into-
account, a linear improvement with temperature is predicted. Linear changes
of pﬂotocurrent with temperature are almost always observed experimentally,
although the measured values are affected more strongly by temperature than
predicted, partly due to excess infra-red radiation in the Xenon solar
simulator but possibly due to other improvements in the collection efficiency
presently unaccounted for.

 Figure 20 shows the'openAcircuit voltage, short circuit current, and.

the contact area corrected and uncorrected efficiencies of one device as a
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function of temperature using a Xe light source. The efficiency varies
slowly with temperature up to about 100°C and more rapidly thereafter.
Corrected values (obtainasle in practice after tetter contact grids ars
employed) of 9% at 250°C and 6% at 300°C are indicated. Devices with
shallower jﬁnctions and made from "good" substrates have given similar

[y

values.

15



IBM  Gais SOLAR CELL PROGRAM

1. Basic STRUCTURE (eTIMIZATION . AMO
2. EXPLORATORY STRUCTURES
3, TEMPERATURE EFFECTS

4, MaTERIALS STUDIES

1TI-1
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DEVICE D x3 Vo FF n Subs.
288 14 - 0.8 .960 .812 119 good
287 55 08 .90 .779 12,2 good
449 55 0.8 .95 .800 11.8 poor
schdé 0.6 L1 .953 744 12.5 poor
scbl5 1.8 L1 .960 .788 11..9 poor
scbl6 1.8 L4 958 751 10.5 poor
452-3 2-4 L8 962 .52 12,6 poor
453-3 2-4 1.8 955 774 12.0 poor
454-3 2-4 L8 962 .712 13.4 poor
289 16 27 970 743 11.3 good
335-2 11 2.8 946 .79 12.2 gocd
323 2-4 2.8 956 .18 12,3 good
sch 64 0.6 3.0 909 .682 10.2 poor
sch62 0.6 3.0 .980 .802 14,5 poor, leach
298 11 35 .,980 .807 12,1 good
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CARNEGIE-MELLON PROGRAM
N
GaAlAs-GaAs SOLAR CELLS

D. L. Feucht and A. G. Milnes

The work at Carnegie~Mellon University has been concerned with inves-
tigation of large area (1x2 cm) aluminum gallium arsenide heteroface solar
cells. Three aspects of the work are discussed in this summary. First the
growth procedures and the problems in the resulting growths, second, life-
time measurements from various manufacturers and processes and third, non-
uniformity in cell properties over.the 1x2 cm areas.

Fiy. 1 shows the general structure of the cell. Two different growth
rrocedures have been used as outlined in Figs. 2 and 3. Growths using the
950°C growth procedure have not been sufficiently smooth possibly due to
degradation of the substrate surface at the high temperatures prior to growth.
Alterinc the growth procedure and using a lower growth temperature as shown
in Fig. 3 has resulted in much smoother looking growths over the whole sur-
face. Studies of the diffusion of zinc into thelGaAs to form the p-n junc-
tion indicate that the zinc diffuses primarily during the heatup time of the
boat prior to when the substrate is ;ove.red by the melt. The results of sev-
eral runs are shown in Fig. 4. Rin 88A indicates much of the zinc diffusicn
occurs prior tc the growth. The zinc diffusion depth can be controllad by the
amount of zinc added to the melt and the time and temperatures prior to .grochh.

An important parameter for cood solar cell performance is the diffusic.
length of holes in the n type material as it greatly affects tre currans ool-
lection efficiency. Ve have continued to investigate Lp as a fwinticn of Ny
the grow:h processes ard the suppliszr., The physical structurs and e scan-

<

ning electyon microzcope techuicue ussd are shown in Figa., © ans 8. The tyuicosl
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In i respcnse of the Schottky barrier versus distance is plotted in Fig. 7
and § for short and long diffusion length material. The turm over of the
response for the short diffusion length material of Fig. 7 is due to the
finite size of the injected beam while the upward curvature near the barrier
for the long diffusion length material is due to recombination at the surface
and a geometric effect. To understand the effects of surface recorbination

in this jecometry we have calculated the current collecteﬂ by the barrier using
the rmodel depicted in Fig. 9. The results as shown in Figs. 10 and 11 demon-
strate that the curvature depends both upon the diffusicr. length and the sur-
face recombination velocity. It is clear that for long diffusicn length material
the apparent diffusion length measured by this technicue is a strcng function
of the recambination velocity of the surface on which Vthe electron.beam im-
pinges. In Fig. 12 the diffusion length is shown as & finwrtdon of elzctren

concentraticn for a2 variety of samples. In the doping zange of 5 x 1077 to

].017c:n"'.--3 cnly -:vapor phase or liquidphase material have velues greater than
2 or 3 microns, which,based on previous calculations minirmm
value for good solar cell performance.

The 1 x 2aa heteroface cells we have fabricated :ive exhibited relatively

low open circuit voltages 0.7 to 0.8 volts and low current collectic:: efficien-
cies. To determine whether this was characteristic ¢f the solar cell or whetier
this was the result of bad areas on the cell we have investigated the uniform-
ity of the cell by two methods. One of the methods employs a flying spot scar-
ner, developed at the National Bureau of Standards and the secord involves de-
fining mesas on the cell and measuring the characteristics of small regions.
The flying spot scanner depicted in Fig. 13 provides two types of output sig-
nals. One is the output from a photodetector which measures the reflected
light from the sample and the other is the actual photovoltage developed by
"the cell. These can be used individually or mixed to modulate both the in—

tensity and deflection in the y direction. Figs. 14-17 show the surface fea-
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tures and corresponding photoresponse over several regions of two cells.
While much of the areas give good response there are regions where the res-
ponse is very low. _

In the second neﬂ'nd we have taken large area cells which showed poor
résponse and defined smaller areas and mesas to investigate the uniformity
of the cell characteristics. Fig. 18 outlines the steps for determining the
mesa solar cell perférmance. The performance of larcer area regions meas-
ua;:ed under the NASA Lewis AMO sinulatorland mesas fram the same 1 x 2cm cells
are-given in Fig. 19. The results indicate there are regions of quite hich
efficiency but also others of lower efficiency which must drag down the over-
all performance of the larger area cells. |

Areas of our planned work on Aleal_xAs-GaAs. solar cells are outlined in

Fig. 20.

38



/(Ag Contacct
1 - A, —t K e A, A
I.L pAlL Ga,_ As (0.5-1 ) ‘ pGaAs

Gt b X (~0.6 p;

: - A - . Telol
pam— a2 . P A A A A & A A i g SnconTcV'

Aly Ga,_y As-Ga As Solar Cell Cross Section.

Ag Front Contcct Pattern ~
A\
% | & | A

i
3
|
t
7
H

iy
i
|

04 em=~ |

» : 2 ¢cm - - i

Top of Cell With Contact Pattern. =

iv-1

39



Top View

Melt
\9"’7," _Source Crystc!
Q\A (/",‘. i M 1
\)-\—-A)‘lz’ ’ 1 1 A

Load source crystol source pieces ona gollium,
boke at 1000 overnight.

¢ /Seed Crystc!

m‘ .
soplele N H y |

L | v v 4 WA | [N o

@ Load seed, Zn& Al through right hond opening.

Cop\
[T BN —
L LS AN SN ;

Heat to 950°C and allow to come to equilibrium
with seed crystol covered by corben.

gy

-
P — g T
| IR HER

SeZzZZn e u Ww Y -3

-

Grow with seed beneath melt ot 0 cooling
rate of 0.5°C/ minute.

—> [ T 1
L | OV IF IR OOASNAN }

Terminote growth by moving slider in
reverse direction.

T2 Schematic diagrom of current growth procedures,
with prebgcke ¢! melt, using special boct too witn
forger rich! kond ¢perning.

0 4o
ORIGINAL PAGE IS
F POOR QuaLITY,



Top View

/Souv"ce Crys'foll

{ —_ ) pe el i

(1) Load Ga in crucible and bake with boat at 1000°C,

i /Sfed Crystol

X X%
\S\‘\A)..- - T v
< A 1

i | "0 00 4. . ams | | B : K

(2) Load Ga, Zn, Aj: Load seed through right
hond opening.

Cap ~
. Y
I —
L | SARARRNRNNY ﬂ'

(3) Heat to 850°C for I5min; cool to 800 °C at 10°C/min
with seed covered by carbon.

L 3 -
- ———ee LA A AL T 1 ]
é l S YN NRPY.N | ! ] }

(4) Move slider at B800O°C so seed is below melt and
cool at 10°C /min to 797 °C.

. - e -
—_— AR IR RN T
l FRESALTNNNN B

' 1 1

2 — R A 4?

Iv-3

41



x 10
q‘:ﬂ*
\ .2oc/m‘n\
0.80

6.0 0_'70

154 1 E¥
qr
A 00(:/“’\3.“
0065 > "

156 ‘

157

L2



/Ga As

"~ _ Al Schottky Barrier
‘g ’4 ” Cleaved Surface
LA e /

43



SEM Beom

Cleaved surface
Al /

Schottky
Barrier

"Ga As Sample

1 i \

L 4

S i *
il PO

Ly



) K_\
[ N
Lp=0.90pum
o 'F
+\
T _\‘..
0" 8 "\
AN
AN
AN

)'9 1 ! 1 : ' } .

0] | 3 ' 4 5 (3) T

Iv-7

Distance from barrier (L m)

L5



lo-? 5

i ) 1

1 | 1

Iv-8

12 16 20
Distonce from barrier (g m)

L6

24

28



3|dwos sy Dg L

z

/

i /
®=S :J31140q A%}ioyug”

uotyoalui

$0 iuiag

o,
S=S :93D}INS PIADI ) —

.

13{440g AY11040g
10} JUunocooD 0}
sabowy srlynbap

ik
S9}DUIPI00D jO Em.:on\

/
99D4INS PAADID 10}

|_w uno2d0 0} 9bowj
2 |
Y

b & e’

far

g A

6-AI

by



DRI ] [* RN N R )

10°

apparent Lp = 0.67um

A

sp=O

/ apporent Lp=0.70 um

v

6
S =10

i —

IV-10

2

3 4 5 6
Distonce from borrier (um)

L8

~ i



i0
$o= 0 ,
/opparem‘ Lp= 8.0 pum
So =10*
apparent
03
apparent Lp
)2 B 1 { 1 | 1
o) _ 4 8 12 6 20 24 28

Distance from bo_rrief (pem)

Iv-11
Lo



am:_o\i UoNHDNUBIUO)D U0i12a19 yap

80! 24,01 o)1 g0l
Y . jijJ*ia e .f..i«.lli«f..ﬂ.q.l..s.?m
1 4
22 9 A
it £
£s o 9¢ 160
) ¢
12 €z ¥2 , 4
€ LA 2
1 4%
X
a.
'@ QOJ k) A - ({3
S9 gl 91 N —O0°l .
2 5
"
J o o
) . v
u;u ”./
N 10 ..Wu,
A I3t . ey
: A N
a4 S
A i o
5 A i
f 8 A 2
Ot
B! &
108 AB
. e
¢ | 2 S
TTI20W NI a2 s1ayy,
. . 1 M -
170IMeu rerxeyrds aseyd prab, [ = q & ¢ D.M.F
TPTIDY=I TR1xey1ds UMotf aoden = p AHON

I
i
=

—



Y
ROTATING POWER
: \\\\ MIRRORS AMPLIFI ERS

, POV

SIGNAL |
GENERATORS |
'REFOCUS
LENS
SYSTEM
BINOCULAR
MICROSCOPE
GERMAN IUM

PHOTO DIODE FOR
REFLECTED LIGHT

SIGNAL —

e

MULTI-CHANNEL MIXER
AMPLIFIER

'y

CRT
x-y
DISPLAY

Iv-13

51



By

o

<

7 AT




Surface blemish near contact

a. Intensity mod

1lated by

b.  Intensity moduloted

photoresponse

4

ORIGINADL PAGH: !
OF POOR QUALITY



g

‘modulated Lot







STFPS FOR DETERADLG MESE SOLA CIIl PERPOHENANCE

1.  Etch Mesa Diodes; A<0.0lcw
2. Measurements

2.1 Spectral Response

2.2 Dark V-I

2.3 N, of Substrate by C-V

2.4 Active and Total Area of Mesa
3. Calculate Isc (aMD) from 2.1

4. Find Voc, Vtﬁp' and Jmp from 3 and 2.2

5. Calculate n, f.£.

Iv-18
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HETEROFACE SOLAR CELL P07 TL

oW cell ¢ area (an 2) voc (V) Jscima gnl)  ££ g
151 .386 .91 18.23 .7€ 9.3
151.3 .020 .98 23.02 .82 12.6
151.2 - .013 .97 23.02 .82 13.5
158 .817 .87 21.67 .63 8.7
158.3 .028 .94 25.93 .80 14.2
158.2 .034 .93 25.93 .74 13.2
160 .130 .93 25.88 .51 9.1
160.21 .018 .97 31.50 .83 18.7
160.105 .0053 .66 31.50 T 16.7
164 .508 .81 21.0 7% 9.2
164.2 .0015 .85 24.78 .81 12.€

- 164.1 .0028 .80 24.78 .77 1.2
165 .238 .82 19.7 .67 8.2
165.6 .0054 .86 25.47 .81 12.9
165.2 .0026 .443 ' 25.47 .70 5.8
166 .668 .88 21.0 .69 9.2
166.1 .0089 .94 20.83 .80 1.4

5

166.4 .0133 .80 20.83 .77 9.

Cell mumbers without decimals are large samples characterized under simulated AMO (NAS2 Lewis!
illumination. :
Cell numbers with decimals are mesa sarples with characteristics carputed fram ths spect_rai

response (NASA Lewis) of 'the large sarples and the current voltage measurements mace on
the mesa diodes.

coating gain from original bare cell measurements. The 16% correction corresponés to &
refractive index of 2.9 for 0.8 mole fraction of AlAs.

DRIGINAI;
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FUTURE VORX Ol AlyGal_yAs-GaAJSCiAR CZUls

1. Further Inves<igation of Non—uniformity of Cell Response.
a) Flying Spot Scanner
b) Mesaing into Small Cells

2. Improving LPE Growths to get Large Area Cells

3. Effect of Substrate Doping and Properties on Cell Per-

formance

4. Double Epitaxial Layer Heteroface Cells
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Characterization of GaAfAs—-GaAs Solar Cells

by

Gilbert H. Walker
NASA - Langley Research Center

Summary

Two parameters which limit the efficiency of GaAs solar cells are
surface recombination velocity and minofity carrier diffusion length.
The research described in this paper is directed toward solving these
prdblems.

The efficiency of GaAs solar cells has been increased by epitaxially
growing‘a.thin window of GaAfAs on the surface of the GaAs solar cell.
The critical paraméter here becomes the recombination velocity at the
GaAs-GaAlAs interface. The spectral response of GaAlAs-GaAs solar cells
was measured using a xenon light source and a monochromator. From these
data the recombination velocity at the GaAlAs/GaAs interface was calcu-
lated to be approximately 105 cm/seé. A study was also conducted to
determine the effect of the GaAlAs layer thickness on the spectral
response of the solar cells. It was found that the normalized spectral
response at 2.4 eV of the cells increased from 0.2 to 0.8 as the GaAlAs
layer éhickness was decreaéed from 2.0 ym to 1.0 um

.Another parameter which reduces the efficiency of GaAs solar cells
is the low hole diffusion length in the base n-type GaAs. Surveys of

commercially available n-GaAs, which is doped in the range of 1 to

59



5 x 1017 carriers/cm3, have shown that the hole diffusion length is
typically less than 1 um. A hole diffusion length greater than 3 um

is required for the most efficient GaAs solar cell. One method for
increasing the hole diffusion length is to decrease the carrier concen-
tration in the base material. In order to investigate this method of
increasing the solar cell efficiency, GaAlAs/GaAs solar cells were fabri-
cated with three different base carrier concentrations. It was found that
for base dopings of 1 x 1018, 6 x 1016, and 3 x lO16 there was no corre-
lation in either open circuit voltage or efficiency; however, the short
circuit current density increased from 17.24‘ma/cm2 for carrier concentra-

18
tion of 1 x 10 carriers/cm3 to 22.35 ma/cm2 for a carrier concentration

3 x 1016 carriers/cmB. The fill factor decreased from 0.67 to 0.46.
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Third Working Meeting on GaAs Solar Cells
Sept 25-26, 1975 -

[}
GaAs Surface Barrier Solar Cells
Richard J Stirn- JPL

ABSTRACT

The conversion efficiency of metal-semiconductor GaAs solar cells has
been markedly improved by the addition of a heat treatment step before the
metal deposition. Output voltages at open circuit are now about 0.70 volts
as compared to 0.45 volt: without the effect. Conversion efficiencies are
about 124 AMO and 15% AMI. However, most of the time, but not always, dep-
osition of the grid by vacuum evaporation lowers the open-circuit voltage
by about 0.1 volts. The reason for this behavior and means to avoid it are
still being investigated.

The unigueness of the AMOS solar cell is shown by the fact that an open-
circuit{ voltage greater than the built-in potential (0.75 volts in our samples
with doping of 2 x 10° cam '3) can be obtained when illuminating the cell with
high intensity light. The obviops implication is that this may occur even
et normal sunlight intensities. Indeed, one recent cell (ungridded) has

-gshown & voltage of 0.75 volts. . o '

A model that allows for such voltage outputs has been;developed by Prop.
S. Fonash of Pennsylvania State Univeréity - field Shapiné b} localized
states. We have demonstirated that other possible causes such as majority
carrier transport qontrol by thin oxide tunneling and bgrrier height moé~
ification by fixed charge do not play a significant‘role‘in the GaAs AMOS
cell. A simplified step function modei“for localized stege'density distribution
{assumed acceptor-like) has been shown to describe the expérimental darg
forwerd current-voltage characteristics. ' '

An experimental program to investigate the chemical nature of the'Gxide~
semiconductor interface using ESCA (Electron Spectroscopy by Chemical Aralysis}

bas begun. These investigations are to'deteriine the e{éct elemental fbrm}

give the desired interfacial states distribution and density for optimu:

-pen-circuit voltasge and fill fsctor.
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Experiments on the»60A° ~ thick gold-GaAs system with an ellipsometer.

having a variable compensator have determined the effective cémplex index

of refraction. Good agreement between the predicted and measured reflectance
at all wavelengths of interest show the accuracy of the measured. index of
refraction. Calculations show that the ideal index of refraction for an
antireflection (AR) coating matched to air is 2.35, and 3.0 when matched

to a cover glass adhesive with index of 1.4. Unfortunately we have been
able to obtain a2n index of only about 2.0 for unannealed Tazos. Other

materials including Nb will be investigated and reflectance minima at

0
25
ebout 0.55u used in order to further improve the output current in general

and the blue response specifically.

Double layer metal-semiconductor solar cells fabricated at JPL using
crystals grown at Stanford University by LPE have shown that the expected
higher open-¢ircuit voltages are obtained (=0.8 volts with no AMOS processing),
but that fhe collection efficiency of carriers generated in the GaAs layer
is much too small. The AlGaAs, with about LO% Al, is about 1 micron thick.

If layers can be grown with thicknesses between 0.2 to 0.5 with light
doping, much better collection should result because of the presence of the
built-in electric field at the interface.

Preliminary experiments with lMev electrons on "baseline” Au-GCaAs cells
have shown markedly superior radiation resistance as compared to silicon solar
cells. However, irracdiations have not been made on voltage-enhanced AMOS cells

.

to date because of funding limitations.
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GALLIUM ARSENIDE GRATING SOLAR CELLS: STATUS REPORT
SEPTEMBER, 1975 NASA GRANT NGR-40-002-093
BROWN UNIVERSITY
PROVIDENCE, RI

Report Presented by E. E. Crizman
Abstract

5 grating pattern of zinc stripes, alioyed into the surface of a single
crystal, GaAs, n-type wafer. has been used to produce a p/n junction fcr~phcto-
.voltaic conversion. A PV ceil nas also been constructed with a very shallow
junction between the ziuc fingers. This second device is produced by taking
advantvage of the figh ratio between diffusion coefficients of zinc fér a phosphor
siliza glasc/Gads interface and GahAs bulk. Problems of uniform zinc depositicn

ar- Aiscussed and initial results are presented.

Previously [1], we hav: reported silicon photovoltaic devices made by alloy-
ing fine stripes of aluminuin (a p-type dopant) into the surface of n-type, 1 to
10Q-cm silicon wafers.l Devices made by this procedure have, to date, exhibit«d
8% <<ficiencies with short circuit currents egual to or greater than commercial
cells ana with extended response into the high energy photon regime. The chbiect
was to produce z deviece with ~haracteristics superior to present day commerical

sola:x cells by a simplifi

in "gvandard" soliar cell
» similar eifort has b-=:r undertaken to construct such "grating" type czlls
s

on Gass wafers.® Zinc ws .xad as th2 p-type dopant, since a relatively lovw

s @, 3 J e [ N a1 e 3 - A -
(4iz 7) eutectic exists For ~he zinc-sallium arsenide system. (This temperature

* v . . . .
Ths: work reported here smutes 7asentially the M.S. thesis material of I. 7,
Walker currentliy wi rn




is also compatible with the heat treatment temperature required to bond ohmic
indium contacts to the opposite face of the base wafer.)

Figure 1 is a schematic representation of a grating cell. The base wafer
contacts were made by electroplating In onto that surface following the method des-
cribed by Fainer et al. [2]. In our case, we used a 0.1 molar In(SOu% solution
and a current of 300 mA/cm2. In properly fabricated grating cells, the line width
should be as narrow as possible and the spacing between grating lines shoulé be
less than twice the minority carrier diffusion length in the base wafer. In the
best n-GaAs described in the literature, the hole diffusion length is about Su;
this means that the line spacing should be about 10u. We did not use n-GaAs of
this quality since our main purpose in this preliminary wopk vas to develop tech-
niqueé for making éuch cells from n-GaAs. For this same reason, we used a much
coaisér grid pattern than that which would be optimum. Scaling the grid-dimen-
sions down to say lu stripes, 10u apart would not be difficult.

. The first prﬁblem to be surmounted is the deposit of a fine-grain layer of
Zn on GaAs: the grain size must be smal; compared to finger width. We found that
this goal could pot»be accomplished by simple evaporation of Zn directly onto
the GaAs. Tigure 2 shows the best film obtained by direct evaporation of Znj
a 2 micron wide strip is shown on the figﬁre for reference. The GaAs sub-
strate was at or slightly above room temperature. Evaporation was performed at
5 x 10'2 torr pressure. Visual appearance of the film was a mat gray, and the
zinc conglomerates were of the order of 8 microns in length; Using a method sug-
gested by Holland [3] attempts were made to induce larger nucleation densities by
evaporating a thin layer of tin before the zinec. Figure 3 shows the result of

)

: o -
this approach with about 6A of Sn evaporated @ 5 x 10 ~ torr on a substrate at 25%¢.

Grains of about lp were produced in this fashion. Further reductions in zinc grain
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sizes were induced by heating the substrate before the zinc evaporation. Figures
4 and 5 show the results for substrate temperatures of 56°C and 70°C respectively.
The grain sizes for these two temperatures were 0.4 micron and 0.1 micron. We
found that the nucleating layer of tin led to reduced grain size in Zn layers
between 2 and 30 microns thick and that grain sizg decreased as the substrate tem-
perature increased from room temperature to 100°C. For our cells we selected a

Zn thickness of about 0.4p. As the first step in cell fabrication, an Sn-Zn layer
was evaporated on n-type GaAsr(Te doped to 1.4 x lOl7 /cc) whose diffusion length,
as reported by the supplier, was 0.75 microns. After evaporation the cell was
coated with GAF PR-102 photoresist and exposad through a mask with 35u lines spaced
50u apart. After developing, Transene Brand Aluminum Etch was used to remove the
zinc. The remaining photoresist wasvstfipped and the cell heated to 500°C with
quick cooling to room temperatures @”lOOo/min. The surface of the cell after heat
treatment was examined using a 7.5 Kev energy scanning electron microprobe beam.
By operating the cell in the electron-voltaic mode and connecting the cell output
to the z(intensity)—axis of the display scope, the picture shown in figure 6 was
generated. Here, the bright vertical lines are regions having a photovoltaic
sensitivity; these stripes occur at the 2Zn/GaAs interfaces. The compietely dark
areas are the uncoated regions between fingers, and the dark areas with occasional
light spots are the‘zinc figures. The liéht spots are places where the zinc film
was thin enough to allow 7.5 KeV electron penetration into the junction below the
zinc. Such a sensitivity vs. position picture is to be expected since the diffu-
sion length was < lu for the base material and the stripe spacings were about

50 microns, By adding the device output to the vertical deflection plates of the
display scope, pictures such zs those ¢f figures 7 and 8 can be generated. 1In

the first of these the microprobe beam is aliowed tc travel culy once across the
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sample at a given position. The sensitive regions at the edges of the fingers
are now quite evident as spike-like projection; there is also some response
indicated in regions where the beam penetrates the finger regién. The regions
between the fingers show no response. In figure 8 anotﬁer method of display is
shown in which the microprobe beam is swept across the sample in the y- as well
as the x-direction to give a 3-dimensional map oé response versus position. The’
surface of the sample was subjected to electron microprobe examination to deter-

mine whether there was any zinc in the region between the fingers; the conclusion

was that 2n was confined to the Zn-stripes only. Since this sample was constructed

primarily to define the processing steps further Measuremen*s were not made on it.
ko significant photovoltaic response was expected because of the large proporticn
of dead area. To date we have managed to define with our photoresist technique
1.5p line patterns spacea 3.5p apart, and this layout will L~ used on Subsequent
devices when material with longer diffusion lengths are received.

A variation on the finger pattern approach, also beirnz purszued by us, is based
on the work of Baliga and Ghandi [4] who have measured diffusion of certain metals
along the interface bétween phosphor-silica glass and Gahs. They have measured
ratiﬁs for interface/bulk diffusion rates of up to 20/1 for zinc and 500/1 for tin
by controlling the phosphor coﬁ{ent in thelglass layer (and hence the interface

stresses resulting when the sample is cooled after glass formation). 'We hope that

methed thereby rélaxing the requirément that the spacing be maintained af‘aﬁoutﬂl
to 2 diffusion lengths. At the same time the sheet resistance will bé kept low
because of relative large number of fingeré present. For our work we have used

the thermal decomposition of ethyltriethOXysilane, (CQHS)Si(Oczﬁs)a, witb trimethyl

1

phosphate, (CH30)3PO, on 2 x 10 7 /cc, Te do?ed, 0.0080-cm gailium arsenide with a
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2.7; diffusion length and a <100> +2° orientation. A layer between 25008 and
30002 of the glass was grown at 700°C in an argon transporting atmosphere. Using
the 35/50 micron mask as above, windows were opened in the glass layer and diffu-
sion was carried out in a sealed silica arpoule loaded with 1 gm of arsenic and’
S5 gms of zinc and evacuated before sealing to 1 x 10-5 torr. Diffusion occurred
for 10 min. at 800°C. The electron microprobe map of the zinc distribution over
the surface shown in figure 9 indicates that zinc is present in the region between
the mask openings. When this'same region is examined via the electron-voltaic
(intensity enhanced) mode in figure 11, it is evident that there is some response
from most of the region between the diffusion fingers.. (Large "dead" spots which
have no counterpart in the optical, secondary electron (figure 10) or zinc K-a
maps are also evident.) A number of deflection enhanced electron-voltaic scans
were produced at varying voltages of the microprobe beam energy. These are shown
in figures 12 through 16 for 30.1 KeV (a3.0u penetration), 27.3 Kev (n2.5u), 24.4
Kev (~v2.0p), 17.3 Kev (~1.0u), and 12.2 Kev (~0.5u). Trom these we conclude that
the junction depth between the fingers was 2-3 microns rather than the planned
1000:. This is also supported by the rather low response to 140 mw/cm2 illumina-
tion shown in the i-V p}ot for this device (figure 17).

These preliminary results indicate that it is possible to produce a photo-
voltaic device on GaAs by alloying a grating of well separated 2n stripes
and by the laterial 2n diffusion technique. Since the cells produced to date are
far from optimum design, no estimate of ultimate efficiency can be made at this
time. However, by analogy with grating cells produced on silicen, it is reason-
able to expect short circuit currents comparable to or greater than those of cells
produced by standard diffusion methods. _If the open circuit voltage of the allcyed
Zn junction is comparable to that of diffused Zn junctions, the efficiency of cells
produced by this low temperature, simple method should be comparable te¢ that of

standard Zn diffused cells.

e
-
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THEORETICAL AND EXPERIMENTAL EVALUATION OF
A HIGH EFFICIENCY GRADED BAND-GAP N/P
Aly6a;_,As-GaAs SOLAR CELL

J. A. Hutchby
NASA Langley Research Center
Hampton, Virginia 23665

. and

R. Sahai and J. S. Harris
Science Center, Rockwell International
Thousand Oaks, California 91360

ABSTRACT

Theoretical and experimental analyses show
that the higher energy spectral response of an n/p
Al xG3) As-GaAs graded band-gap solar cell is sub-
stant1a§ly greater than that of a similar n/p_
Al,6a)_xAs-GaAs heteroface cell, particularly” for
wavelengths below 0.5 ym. The theoret1cal analysis
includes all practical energy loss mechanisms such
as photon reflection; surface, bulk, and junction
recombination currents; and series resistance. It
predicts air mass zero (AMD) efficiencies of 16.7%
for standard transport parameters and a surface
recombination velocity (S) of 1 x 106 cm/sec and
17.7% for S = 1 x 10° cm/sec.

Small, preliminary n/p graded band-gap struc-
tures have been fabricated using a new LPE, melt
mixing growth technique to obtain the graded com-
position Al,Gaj.xAs layer approximately 0.5 um
thick. Comparison of the measured spectral
responses of the graded band-gap cell with similar
n/p heteroface structures (x = 0.85) demonstrates
substantial improvement provided by the graded cell
for wavelengths between 0.60 ;m and 0.35 ym . Pre-
timinary electrical measurements performed in a
calibrated AMQ solar simuiator on structures with

a SijNg anti-reflection film indicate maximum power

conversion efficiency of 13.6% (for zero contact
area). This efficiency corresponds to measured
short-circuit current density, Jgc, of 27.7 ma/eme,
open-circuit voltage, v° of 0.88 volts, and fill
factor, FF, of 0.76. Individual yalues of Jsc,
Voc» and FF as high as 28 2 ma/em?, 0.95 volts, and
58 have been measured, each for a separate cell

INTRODUCTION

It is well known, from the standpoint of
optical band-gap energy, that GaAs is a near
optimum material for solar cell fabrication, and
is predicted to have a maximum theoretical air mass
zero (AMO) power conversion efficiency of 247 com-
pared to 20% for Si (1). However, in early work
with GaAs p-on-n diffused cells, maximum AMO effi-
ciencies of only 9.3% were achieved (2). A major
difficulty in obtaining higher efficiencies is the
significant current loss through surface recombi-
nation of photogenerated minority carriers, which
are created near the surface (within approximately

5
(;Ih{[&]; ]?[\(}13
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1 um) due to the direct nature of optical absorp-
tion in GaAs. The highest experimental AMO effi-
ciencies of 11.7%-14.7% (corrected for zero contact
area) were reported by Hovel and Woodall (3, 4) for
the Al Gaj.xAs-GaAs heteroface cell. 1In their
device the surface AlyGaj_yAs layer is typically
greater than one diffusion length thick (0.6-2 um)
and the p-n junction is located in the GaAs sub-
strate approximately 1 um - 3 um below the
metallurgical junction. Thus, the main function

of the surface layer is to reduce the surface
recombination velocity (S) of the GaAs surface and
to reduce the series resistance of the cell; i.e.,
photons absorbed in the Al,Gaj_,As layer do not
contribute significantly to the short-c1rcu1t cur-
rent. Most recently, James (5) claims 192 AMO
efficiency for his thin-window heeroface cell,
based on an indirect analytical/experimental mea-
surement.

Another method proposed to reduce surface
recombination loss is that of a built-in electric
field in the surface-layer to accelerate photo-
generated excess minority carriers toward the p-n
junction and reduce the time required for their
collection (6-12). Such a field can be accomplish-
ed by varying either the doping concentration or
the energy band-gap in the surface layer.

Use of a band-gap gradient in the surface
region of an n/p cell to generate the built-in
field is illustrated in Figure 1. The field is
proportional to the valance band gradient. A
preliminary analysis of a near optimum n/p graded
band-gap AlxGaj.xAs-GaAs cell including all
significant energy loss mechanisms shows that AMO
efficnenc1es greater than 17% can be- expected (10).

The purpose of this paper is to present
theoretical and experimental evidence suggesting
improved blue-uv response expected for the graded
band-gap cell compared to the heteroface cell, and
to report the first experimental efficiencies
obtained-for the graded composition ce11.

THEORETICAL ANALYSIS AND EXPERIMENTAL TELHNIQUES

The analysr< is performed using the ‘standard -
continuity and current density. exgressrons for the -
bulk material assumlng S=1x10 - l x 10 cm/seC‘
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aty=0and S+« at y = 125 wm. The injected
excess carrier concentrations at the p-n junction
are assumed to be given by the standard Boltzmann
bounlu.y condition. In the graded AlyxGaj.xAs
layer the hole transport parameters are assumed to
be constant, but the position dependence of the
absorption coefficienct requires a numerical solu-
tion. An analytical solution is used for the GaAs
region. The hole diffusion length (1,,) in the
Al,Gay_yAs layer and the electron difeusion length
(1,,) 1n" the GaAs substrate are assumed to have
empirical dependences on impurity concentration.

A near optimum cell with surface donor and base ac-
ceptor concentrations of Ny = 4 x 1017 ¢m-3 and
Na. = 2 x 1017 cm-3 and graded composition layer
thickness (equal to junction depth) of 1 ;m is as-
sumed Furthermore, junction recombination current
density, series resistance of the cell, and surface
reflection losses (assuming an optimized Si0 anti-
reflection coating) are considered. The analysis
is performed for AMO insolation of 139.0 mw/cmé. -

Growth of the n-type, Te dopeu (1-2 x 1018
cm-3) graded composition layer is accomplished by
transient diffusion of Al through a Gz melt to the
growth interface during a continuous growth of
AlyGaj-xAs. The Al concentration at the growth
interface increases with time due 16 a continuous
increase of Al concentration in the melt during
the growth cycle, and is typically x = 0.85 when
the cycle is terminated. The substrate is p-type

. Ge doped (2-3 x 1017 cm-3), epitaxially grown

(4 ym - 6 pm thick) GaAs. Many of the initial
growths resulted in a uniform composition layer
0.8 um thick at the surface which was chemically
etched to expose the 0.4 ym - 0.6 um graded com-
position region. Devices are fabricated from
0.075 inch cleaved sgquares using ohmic contacts
provided by Au/Ge (12% Ge) on the n-side and Ag/Mn
(5% Mn) on the p-side. The final process is
deposition of a near optimum Si3Ng anti-reflection
coating. Absolute spectral response measurements
were obtained using a Cary-14 spectrophotometer
in conjunction with a calibrated Si photodetector
and a He-Ne laser used to obtain an absolute re-
sponse at 0.6328 um. Power conversion efficiency
measurements were obtained using an AM0 solar
simulator calibrated using a ballon flown Si cell.

RESULTS AND DISCUSSION

The most dramatic effect the presence of a
graded composition layer has on the theoretical
performance of a GaAs solar cell is a substantial
increase in power conversion efficiency with
increasing aluminum gradient. Figure 2 shows the
theoretical dependence of efficiency (inciuding
a large 12.8% contact area) upon the surface mole
fraction of Al, Xajp, for two values of S and for
both assumed and degraded values for 1p5. In each
case, X has a profound effect upon efficiency
up to the direct-indirect transition, above which
‘a decrease in surface field causes a slight drop
in efficiency. Although the presence of an
electric field decreases the sensitivity of effi-
ciency to S and :,,, these parameters (particu-
larly the latter) are still important to achieving
high efficiencies. As can be seen, an optimized

cell having 2, = 7.6 um, 2po © 2.1 um, and
S=1x1C cm?sec is predicted to have an effi-
ciency of 17.7% AMO. The same call with S = 1 X
106 cm/sec has a predicted efficiency of 16.6% AMO.

Figures 3 and 4 show the total theorevical
spectral response and the contributions from tie
surface AlxGay_,As region and the base GaAs region
for Xao = 0 and Xp g = 0.30, respectively. A plot
of the theoretical reflection coefficient, R, for an
optimum Si0 enti-reflection coating is also provid-
ed. The graded Al concentration increases current
collected from both the surface and base regions
of the cell. The additional current collected from
the surface region is due to increased collection
efficiency, whereas the additional contribution
from the base region is mainly due to an increased
concentration of higher energy photons absorbed in
this region near the junction. The reduced response
at high energies (a<0.5 ym) is due to both ircreased
photon absorption closer to a lossy surface and to
reflection. Comparison of the theoretical spectral
response given in Figure 4 for the n/p graded band-
gap cell with the theoretical spectral response
for a somewhat similar p/n heteroface cell given by
Hovel and Woodall (13) and shown in Figure 4 in-
dicates a similar response for low energy photons
(»0.59 pm) but a substantially increased response
for the graded band-gap cell at higher energies.
This increased blue response. is the primary advan-
tage gained by the graded band-gap cell.

Several experimental graded band-gap cells
recently fabricated have reasonably good efficiences
and demonstrate improved response to the blue-uv
solar spectrum. The best cell examined has an
efficiency of 13.6% AMO (corrected for zero contact
area}, corresponding to a short circuit current
density Jcc = 27.7 ma/cmé, open circuit voltage
Voc = 0.88 volts, and fi11 factor FF = 0.76 based
on a solar constant of 135.3 mw/cm2. Most of the
cells tested had corrected efficiency values be-
tween 12.0% and 13.5%. Individual] values of Jgc,
Voc» and FF as high as 28.2 ma/em?, 0.95 volts,
and 0.78 were each measured for different cell
structures; i.e., no single cell concurrently has
these high values for Jo., Voc, and FF. The
spectral responses of a graded band-gap cell (XALO
= 0.35) and a nearly identical n/p Al gsGa jgAs-
GaAs heteroface cell compared in Figure 5 demon-
strate the improved blue-uv response expected for
the graded composition cell. Both cells have an
AlyGay_4As layer thickness of approximately 0.5 um.

In conclusion, both theoretical and experi-
mental results indicate that the graded band-gap
Al,Gay_yxAs-GaAs solar cell has an improved response
to blue-uv photons compared to the heteroface cell.
Further improvement of the low open circuit voltage
and fill factor should provided AMO efficiencies
of 15%. However, further refinements of the growth
and characterization of the graded composition

“AlyGaj_xAs layer are required to obtain efficien-

cies in excess of 167 AMO. :
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FIGURE CAPTION

Figure 1. Energy band diagram for
A\TGa]_xAs—GaAs graded band-gap solar
1.

Figure 2. Dependence of power conversion
efficiency on X o. 0:S =1 x 105 cm/sec,

2po = 2.1 um; & 1 x 106 cm/sec, Lpo = '
2.1 um;  ©:S = 1 x 105 cm/sec, %50 = 0.52
ym; &:S = 1 x 106 cm/sec, 2pp = %52 .

Figure 3. Calculated spectral response
data for n/p cell with Xp g = 0 (Gahs
cell), ¢: total spectral response; 0 -
spectral response of surface n-type
layer; o : spectral response of p-type
bace region; &a: vreflection coefficient.

Figure 4. Calculated spectral response
data for n/p cell w1th XaL 0.30 (graded
band-gap cell). <&: tota? spectral
response; 0 - spectral response of graded
band-gap surface layer; 0: spectral re-
sponse of GaAs base region; a : refiec-
tion coefficient; @ : total theoretical
spectral response of p/n heteroface
Al,Gay_yAs-CaAs cell for a AlyGaj_yAs
thickness of 0.5 ym and a total junction
depth of 1.0 um. (Ref. 13)

Figure 5. Experimental spectral response
data for n/p graded band-gap cell XAL
0.35), ¢ , and for n/p Al ggGa ys5As- GaRs
heteroface cell, , compared w1th cal-
culated spectra] rasponse for a similar
graded band-gap (Xg o = 0.35) cell, ©

The A]xGal xAs layer thickness for each
case is 0.5 ym.

116



[-I1IA

| ._ 1_...—.._ . | T_ M 0
f o " “ "

I TILRIE) 8p0o1}03|a
10331 TJET
gA
n_w o d§
uoHDIPOY
SV b9 tuspiouj
g0 y
I F——=-=-- / : e

itasul

117



il

-—
uxLlAluluJLLxunlALlllullllellAuAInll_LllAA Ll n il ulunlluujuix],un,\
o LY ‘ O 0
N S —

(4udd48d) Adousiolly]

02 03 04 05 06 o7 0.8

O.l

XALO

VIiI-2
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SURFACE PHOTOVOLTAGE SPECTROSCOPY

Summary

ey

Surface pnotovoltrage spectroscopy 1s uniqueiyv stited for tne studr ¢
the energy position anc dvnami: parameters of high energy gap SeRiconcuiIir
surfaces., In the case cf GaAs surfaces the s{udy cf their electronic crarac-
teristics is sigrificantiv aiced by the surface piezoelectric efiect whicr is
essentially analogous tc tne classical field effect: it permits tne direc:
determination of the capture cross section of the suriace states for electrons.

Due to finite communication of the GaAs surface states with the bulk, suriace

¥,
o
"

photovoltage spectroscopy is much more effective at low temperatures,; it
recently found, for example, that partially filled surface states are prasen:
even below the Fermi level. Photo-piezoelectric effects have permitted the
decerminastion of the surface stress (surface energy) of GaAs and its changes

in wvarious ambient atmospheres. A new technique was developed for determining
thr surface recombination veiocity in GaAs emploving scanning electron microscopy.
This new technique will now permit relating the surface state configuration with
surface recombination velocities. This is an essential step in pursuing tne
study of surface recombination processes relevant to the conversion efiiciency

cf GaAs photovoltaic celils.

Harrvy C. Gartos
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Fig. 1. Schematic representation of origin of photovoltage (a) surface state depopulation
(decrease in surface barrier} and (b} surface state population (increase in surface barrler.
i.e., photovoltage inversion or photovoltage quenching effect).
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Fig. 7. Schematic representation of mechanical bending of a GaAs wafer due 10 the
converse piezoelectric effect at the surface. Arrows represent the surface stresses. c¢,.
due 10 the electric field on the opposite surfaces of the wafer: {in CdS the surface stresses
are opposite to those in GaAs since GaAs and CdS crystals exhibit opposite polarities2')}.
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220 J.LAGOWSKL I BALTOV AND H.(.GATOS
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Fig. 2. Typical cpd transient resulung from bending and subsequent unbending of the

wafer. Measurements carried out on a Ge surface. Cunes a and b correspond to wet air

and azone. especuvels Upon bending the Ga surface was under tension. The radius of

bending. K. was approximately 10 cm A decrease in ¢pd corresponds to an increase
’ in surtace barrier.
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Fig. 4. Tvypical ¢pd transients resulting from bending and subsequent unbendirig of the

wafer. Measuremenis carnied oul on As surfaces. Curves a and b correspond to wet air

and ozone. respectively. Upon tending the As surface was under tension. The radius of

bending. R. was approximately 10 cm. An increase i opd corresponds to & decrease
in surtace barrier.
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indicated by arrows.
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IX-9

Bending-induced changes in the rate of oxygen adsorption on the surface
of Zn0, in terms of the quantity d(ACPD)/dlnt under a pressure of 100 Torr.
At ty, ty, ty and t, the sample was bent to a radius of curvature,

Rl =730 cm, ﬁz = =30 cm, R3 = 45 cm, and Ra = 15 cm, respectively.
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FIG. 2. Normal mode of vibration of a 12-um-thick (111) GaAs
wafer for different ambient conditions: () room atmosphere
just after etching: @) 30 min in 107" Torr: 3) 48 h in 17 Torr:
¢4) 107 Torr after corona discharge: (5) 107 Torr: outgassing
at = 200°C for 3 h: t6) immediately after exposure to room at-
mosphere: (7) 2 h after exposure o room atmosphere.
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FIG. 1. Nawral frequency of vibration of thin (111) GaAs crys-
:als {in.a cantilever configuration) as a function of crvsual di-
mensions i I!)., Measurements were carried out on freshly
etched samples,
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FIG. 4. Dependence of (w/«y? on I2/k® for a freshly etched and
an unetched (111) GaAs wafer. Measurements were carried out
at room atmosphere, The indicated precision limits of the ex-
perimental data are associated primarily with uncertainties in
thickness measurements. TX-12
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Surface-piezoelectric and photo-piczoelectric effects associated with surface depletion layers in polar semiconductors

Phenomenon

Surface piezoelectric
effect

Piezoelectric
modulation of surface
charge«

Stress-induced
amptification of
photovoltage

IHumination-induced
bending

Photoraachanical
vibration

Conditions

S#£0./-0
S#0.7-0
_S:O.I:éO
S 0.7#0
S-0.1#0.

chopped
illumination

strain

cpd transients

Measured quantity Resulting information Observed in Keferences
cpd versus mechanical Surface barrier height. identification of CdS 2
A and B surfaces 6
4
Dynamic parameters of surface states Cds 2
GaAs 4
ZnO [
Photovoliage versus Processes associated with photovoliage Cds s
mechanical strain identification of light-induced electronic 3
transitions
Light-induced changes in  Piezoelectric contribution to surface Cds 1 and present
radius of curvature stress GaAs paper
Amplitude of vibrations Electrical and mechanical properties of Cds | and present
versus Av and illumination surfaces GaAs paper

intensity

S exiernal stress applied to the crystal: / = inciden: illumination.
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IX-15 ;
Experimental configuration used in the effective diffusion length

measurements.
ELECTRON
7 BEAM
+ L—— X —o]
g'%* J coLLECTION
) JUNCTIONR
g
4%
g
(a)
ELECTRON
BEAM ]X
y | //’z
B y
§1 4
4 o
d _ p \
ELECTRICAL
v « CONTACTS
2 (b)
s

137



TX-16 (a) The~edestric current generated by electron beam vs. a distance

between generation point and the collecting junction. (b) The

effective diffusion length vs. accelerating voltage and the penetration
depth of electron beam.
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SURFACE STATES AND SURFACE RECOMBINATION

ON WIDE BAND-GAP SEMICONDUCTORS
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SUKFACE STATES ANU SURFACE RECOMBINATION OF WIDE BAND-GAF SEMICONDUCTURS

C. E. Byvik NASA Langley Research Center

Analyses of the material properties or semiconductors
for use as solar cells have indicated that wide banc-
gap semiconductors are theoretically the most eff1-
cient materials for energy conservation in space and
terrestrial applications. A wide band-gap naterial
that is readily available and has near optimum prop-
erties for use as a solar cell is gallium arsenide.
However, the GaAs solar cells fabricated to date have
exhibited efficiencies short of that theoretically
attainable. This reduced efficiency has been attrib-
uted to the physical properties of surface states
that lead to a high surface recombination velocity.
In order to achieve the goal of efficient solar celis,
an objective of this program is to characterize the
properties of tnhe surface of GaAs that lead to tne
decreased efficiency observed for this material.

The research to date has led to the following resuits:
(1) the energy position of the observed surface states
coincide closely to energy positions observed for bulk
impurities; (2) these eneryy states, their position
and their capture cross-sections, appear to be inde-
pendent of surface treatment and crystal orientations,
(3) the calculated surface recombination velocity
using the measured quantities for the density of
states, and capture cross sections as well as tne
surface voltage agrees with the measured surtace
recombination velocity to within an order of mag-
nitude; (4) the surface voltage varied from samoie to
sample but was relatively imsensitive to changes in
ambient gases such as water vapor and oxygen; and (5)
only depletion layers have been observed both in this
laboratory and as reported by others for GaAs. These
results indicate that deep bulk impurities pinned by
the Fermi level at the surface may be responsible for
the observed surface voltage and properties.

The present work consists of (1) an experimentos)
gffort to determine the effect of known deep buln
impurities in the interpretation of surface photo-
voltage spectroscopy, and (2) an analytical efiort t
include deep impurity states near the surface aid
determine their effect on surface voltage, surfacc
photovoltage, and surface recombination.



To determine the impurities present in material uscu
in this research, samples of telluriun doped Gahs
from three manufacturers were analyzed for fagurity
content by 1on probe mass spectrometry. Tne result.
of this analysis are shown in Table ]. Also tnat-
cated in the table are the types of {npurity State
in GaAs where known (1.e., donor or acceptor Stales.
and the measured position of these statesrs It snoul
be noted that the concentrations of the iron and
copper impurities are of the same order as the
carrier concentration and that they are acceptlor
states in GaAs. This result supports tne propuscd
mode]l since bulk acceptor states present in concen-
trations of the order of 1017 to. 1018/cm3 will be
present at the surface wjth surface densities of Ui
order of 1011 to 1012/cm® which coincides witn
measured surface state densities.

Results of an initial analytical effort to delernine
the effect of bulk impurity states present at tne
surface on the surface voltage indicate that the sur
face voltage is dependent on the position of the
impurity level with respect to the Fermi level aua .
pirned at the Fermi level. A next step is to deter-
mine the effect of a number of deep impurity levels
on the surface voltage and the extent of the deple-
tion layer. The consequence of the validity of tm.
model is that by identifying and eliminating the
impurities which result in surface states the efri-
ciency of solar cells will be increased.
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PHOTOVOLTAGE SPECTRUM OF (100) SURFACE OF n-TYPE
GaAs IN VACUUM
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X-8

BULK IMPURITY MODEL OF SURFACE STATES AND SURFACE VOLTAGE

A

ENERGY

POISSON EQUATION

d%

&Z "0 - P - Np+ NIE - E)

RATIO OF THE CENTERS OF CHARGE

L | 1/2
—L. -18
Tg = (1+6x078Ny

150-A




INVESTIGATION OF LIQUID EPITAXIAL GaAs:Si LAYERS
K. L Ashley Southern Methodist University

Abstrdct

GaAs layers were obtained with liquid epitaxial crystal growth
with Si as dopant where the temperature growth range was maintained at
a sufficiently high level to obtain n-type material. Growth temperature
range was 925 to 900° C. The doping level was in the 1016 cm-3 range.
The object was to obtain n-type material wifh long electron hole dif-
fusion length. p-n junctions were formed on some of the n layers obtained
.by growing an additional layer which was doped with Ge. These were used
for obtaining reverse bias C-V data and optical microprobe information.
The C-V data exhibited an intermal shunt capacitance éf unknown origin.
Therefore, it was necessary to determine the magnitude of this capacitance
before doping density information could be extracted from the C-V data.
This was done by assuming that the total measured diode capacitance
contained the depletion region capacitance in parallel with the unknown
shunt capacitance, i.e.

/2

C (total measured) = K(Va + Vb)-1 + C (shunt)

where Va and Vb are the applied and built in voltages.

“1/2 hen ylelds C (shunt) -

A plot of C (total measured) versus (Va + Vb)
as the intercept of the C (total measured) axis obtained by an extrapolation
of the plotted data. This form of assumed capacitance proved to represent
the behavior very well and permitted the use of the C-V data for obtaining
doping density magnitudes which agreed with Hall effect results. Optical
microprobe plots were also obtained with the p-n junction devices which

indicated that the hole diffusion lengths were approximately 10 microns

long.
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Capacitance of abrupt, p + n junction with internal parallel capacitance

C = K +C

1/2
(Vg + Vy)

S

1/2
= quD
2
1 I (Vg + V)
*m S

log(cm - CS) = - % 'log(VB + VA) + const.
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RELATIVE RESPONSE, R

surface recombination velocity
diffusion velocity (x = 0)

D/L = L/x

transport factor

llcosh(x]/L)

1

.(s/vd) sinh(x]/L) + cosh(x]/L)



TWO EXTREME RESPONSE MODES

Condition vglx = 0) Response
Xy << Lp Dp/x] 1
X.a >> L D_/L 2 -x,/L
1 P PP TS/ © 177p
XI-8
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'CALCULATION OF s

Xy = 0 Intersection of large X asymptote

s/v, + 1
_ d -
= > = 50

s = 100vd

With D= 5 (u = 200), L = 1073

s ~5x 105 cm/sec

cm'3, (vd =5x 103)

XI-11
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Mzth Modeling of GaAs and Si Terrestrial Sclar Hybrid System:

John Heinbockel and Sidney Roberts
01d Dominion Universirty

Summary

Various silicon hybrid systems are modeled and compared with a
GaAs hybrid system. The hybrid systems ﬁodeled produce electric power
and also thermal power which can be used for heating or air conditioning
Various performance indices are defined and are used te cumparé systef
performance. The performance indices are: capital cost per electric
energy out; capital cost for total energy out; capital cost per electric
energy plus mechanical work; annual cost per annﬁal electric power; and
annual cost per electric power plus annual mechanical work. These per-
formance indices indicate that concentrator hybrid systems can be cost
effective when compared to present day energy costs.

Realistic costs and efficiencies of GaAs and Si are,'respectiVely;
$35000/m2 for 15 percent efficient golar cells and $1000/m2 for 10 per-
cent efficient solar cells. The performance indices sho& that limiting
values for annual costs are 10.3¢/KWH and 6.8¢/KWH for Si and GaAs,
respectively.» Results demonstrate that for a given flow rate there is
an optimal operation condition for maximum photovoltaic output for con-

centrator systems. Also, high concentration hybrid systems produ;e a

distinct cost advantage over flat plate hybrid systems.
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SYSTEM 1

FLAT PLATE COLLECTOR FOR THERMAL ENERGY " -
FLAT PLATE COLLECTOR (SILICON SOLAR CELLS) FOR ELECTRICAL ENERGY

Q,, = i
el Qp = 841, Wm
Oy SILICOH
ASSUME i
MAY Qoss = MTey = Toipe) *
EFFI-
Q CIENCY q . ,
LOSSES 1 2 LOSSES . v :
{ o { ~—/ eo(Tey = Taipy) WM
o/, ,o/, i
THERMAL ELEC QeLec = MOy
' . . &co
QruermaL” Aabs 'c = T
ENERGY BALANCE (SILICON PLATE)
Oy - Qe - Qosses = O
(1 - na)(.88) 1 = hy (T = Tou ) - eo(Tey - Taipk) = 0
ENERGY BALANCE FOR THERMAL ENERGY
On - Qosses = Onermar = ©
mC
QOrpermar = -84y = MiTey = Toi) - €00y = Tairk) = mabs (Tek = Tre!
: , QryERMAL
COST CON = 400n, + 10 $/m? N2 = EFFICIENCY OF COLLECTOR = —pHERHAL
IN

COST FLAT PLATE PLUS SILICON - 1000. + 56.

XII-2

ORIGINAL! PAGR IS
OF POOR QUALITY|
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SYSTEM 11

FLAT PLATE COLLECTOR FOR THERMAL ENERGY HAVING SILICON
WITH EFFICIENCY OF SILICON AS FCN OF TEMPERATURE

Oy
<
N
% psses t:iE;Z::::p/ GLec
Qrhermal
ENERGY BALANCE
O~ Qerec - Qosses ~ Oruermar = O
Q 84 fc
- - y - - 4 - 4 = -
ns)(. )IN hl(TCK TairK) ‘U(TCK TairK) Aabs (TCK TFK)

PERFORMANCE INDEX P

b, CAPITAL COST (COST FP,)Aabs + {COST FP, + COST CELF)Aabs

* PEAK(ELEC + MECH)POWER Tey
Tek

Aabs + .51 -

QeLec QrnerMaL

_ _CAPITAL COST _ _ (COST FP;)Rabs + (COST FP + COST CELL)Aabs
< TOTAL POWER OUT JAabs

(Qe e * Qrygrmar

CAPITAL cosT  (COST FPy)Aabs + (COST FP + COST CELL)Aabs
* 7 TELEC POWER © Aabs

QLec




SYSTEMS 111

I11 - GaAs SOLAR CELLS
1V - SILICON SOLAR CELLS

AND 1V

Aap = APERTURE AREA
Aabs ABSORBER AREA OF RECEIVER

As = SURFACE AREA OF RECEIVER

- Aap _
\ Coy = Togl = THEORETICAL CONCENTRATION RATIO
As _,
QELEC Aabs ~
QTHERMAL
Qpy = mlyloy QeLec = Mgy
COST CON = 100 + r,80.  $/r- ( s st o)
: Q = 2h (T, = T . + 2e0(TS, - T .
[INCLUDES TRACKING STRUCTURAL LOSSES ¢k airk Ck ~ airk
(WIND) SUPPORTS] .
mC
T 1 = -
ENERGY BALANC: GrngrmaL = Babs ek T TFK)
Oy - Qerec - Qosses = YrHERMAL
PERFORMANCE INDEX P
b . __ CAPITAL COST . (COST_CON)Aap + (COST CELL)(Aabs)
! * PEAK(ELEC + MECH)POWER T
QELEC * Aabs + .5(] - ‘TJ) QTHERMAL ° Aabs
cosT con + COST CELL
. Ch
, T
= FK
Qe * '5<] TE;) QrhermaL
Cry
, COST -CELL N
o . CAPITAL cosT _ COST CON*  Cpy 'DRIGINAT PAGE IS
2 B
TOTAL PONER Qg pc * Crmemmae OF POOR QUALITY
CTH
cosT con + SOST CELL
p. - CAPITAL COST _ Con
\ ! -
ELEC POWER o—
Cru

XI1-4
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SYSTEM V

CONCENTRATOR FOR THERMAL ENERGY AND SEPARATL FLAT PLATE
COLLECTOR FOR ELECTRIC ENERGY WITH SILICON SOLAR CELLS

Qry = miloy
= 0,88
- Oppge = o0-280ky
CLosses :
H = T - \‘
, f/ 79// Classes = 2m ey = Togepd *
AN /" RPERTURE. (1, e e
,\;L——” AREA clil 2ea{Tgy = Toip)
QrneomaL i
Q P - TN
THERMAL = Rabs ‘'Cr ~ CFF

ENERGY BALANCE
COST COK = S100 + r,8C.

Qruermas © Yn - YLosses

PERFORMANCE INDEY P

o . __ CAPLTAL COST _ (COST CON)Aap + (COST CELL + COST FP)Aap
' 7 PEAK(ELEC + MECH)POWIR = ek
% g © Aap + .5(1 - o JOugrm,  Aebs
ELE o« ]
_ COST CON + COST CELL + COST FP
v s(r . ey Qrnerua
%Lec * - T )¢
: . ck/ O
o, . CAPITAL COST _ COST CON + COST CELL + COST FP
© 7 TOTAL FDWER o, S
eLec t G,
_ CAPITAL £OST _ COST £2% + COUST CELL + COST FP _
P: = “FLEC pOWiE - - CONSTANT
XTie%




‘COST COM +

COST CELL
¢ TH

1 x 10°

1 x 10

1 x 103

T x 102

N

SYSTEM 1

SYSTEM 11

I = 500 H/mz, Tg: =

hy = 15 W/m? °C

§0°C
250°C
SYSTEM IV SYSTEM 111 NUCLEAR 76%3%6
FOSSIL
1975 COSTS
GAS 2.60
TURBINE TOYBTU
1 ! i | ! i
100 200 300 400 500 700

CONCENTRATION
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SYSTEM 1

SYSTEM 11

-1 x 10*

[

CAPITAL COST
TOTAL ENERGY QUT

2 =

1 x 103

SYSTEM IV

CONCENTRATION
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CAPITAL COSY
£ ENERGY
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P

SYSTEM 1

//////// SYSTEM 11

SYSTEM V
2507
60°C
| SYSTEM I1I
1 x 103 '—
i
1 x 10° | | | | | l J
n 100 200 300 400 500 600 700
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COMPARISON OF SYSTEMS II1 AND IV

ENERGY BALANCE

Qy = Qeree * Qoss * QcooL
nlINCTH = nIINCTHng + Zhl(Tc -T

air

FOR LINEAR MODEL

ng = n (1 - 8(T, - 1)) . GaAs = .15,
Si =m. = .10,
= doss * oot
TH n N - N3
FOR NON-LINEAR MODEL
VoelEaT) = I (E,T) = FF(E,T)I0%
n:—: - E
GaAs - _ _ 357
Vo (E5T) = VOCO + 7.3611073)E" %7 - 2.45(109)7

363

ISC(E,T) = (,148E" + ,388)T-Z57;

FFg(E.T) = FIFO, + 1.922¢7+162 11101071

" Voc(E,TS - voco; - (2.9010-)e 172 _ 2.23(1072)7
I, (ET) = ISCO (R + AT + AT2 + A,T2 + AT + AsT) # E/10.
FF(E,T) = FF,(E,T)

for T fixed, £ = n;INCTHOLD calculate n:

X1I-9

172

) + ZCO(TEK - T

airK

) + k(Tc -7

25°C,

25°C,

&

£

.002¢
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Q055 QCOO)‘“

:W

C
THyew N

T - Tg)
QcooL O © .

e Ty
= TH‘NLTH 3

Qe e _ .
N Ty Q7= “coot o
i FK
- T e Q
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ol

me

ELECTRIC OUTPUT

absorber

100.0

16.0—

1.0—

Si 10% EFF,

hy

L113]

— > IN = 500 W/m<

CONCENTRATION
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e

ELECTRIC outPUT -

m? absorber
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GaAs, 15% EFF,
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CONCENTRATION
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ANNUAL ENERGY PRODUCTION

N i. 9.3 9.8 4.8 9.7 9.5
. 8.8 — ] T 1.0 g0
7.8 ! ! 8.0
i | 17.3 7.2
~ | ! T
- | ; |
1 t 1
> ! | i
=I5 I :
- |
E ! o )
o ’ ; ; i
- Lo oo
r‘ L ! [
Poob 5 P
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J F M A M J A S D N D

(] - T’ta)mIN(n)CTH - ZhI(TCK - T

Calculate

Iy(n) = AVG. INTENSITY F2% nth MONTH

airk

Qe pc() = mIy(n) Coyna(24)DAYM(n)
Qoo (M) = K(Tey = Tgy)

T
Qork (M) = ['5 (‘

12
ANNUAL ELEC = <n>;]

(;

—
~n

ANNUAL WORK

1

it

ANNUAL COST

Performance Index 4

Ferformance indey ©
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QELEC(")> Aabs
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airk’ -
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ANNUAL COST $ ]
ANNUAL ELEC | KWH

Py,

100.

—~
10. —
GaAs .0
$100,000/m<
GaAs
$35,000/m2
1.0
Si
Cswoo/m? TezzomT L 0
T 9 ¢
.01 | ' | i
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SOLAR CELL COST [$/m2]

100000 —
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10001

1001

| I N N N

GaAs -‘TS% EFF

LINEAR
675 K = .7;\\

- - ———

50
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SYSTEM | SYSTEM II
FLAT PLATE COLLECTOR

FLAT PLATE COLLECTOR (THERMAL
~ WITH SILICON

POWERY SEPARATE FLAT PLATE
COLLECTOR (Si) (ELECTRIC POWER)

Si

SYSTEM III SYSTEM IV
CONCENTRATOR WITH GaAs - CONCENTRATOR WITH Si

SYSTEM V

CONCENTRATOR FOR THERMAL POWER FLAT PLATE
COLLECTOR WITH Si FOR ELECTRIC POWER
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CONCLUSION:

REALISTIC COSTS AND EFFICIENCES 0O Gads ANT Si AR

S: : §1000/r-. - 10% ef<. celis -A:
GaAs: §35000/5~ - 15% ef:. cells -AM

. LIMITING VALUES FOR ANNIIAL COSTS AR:

£z  GaAs

ANNUAL CGC=7
L ) . 3 2
{ TwH ELs m}AV ) 10. 3¢ 6.8¢c

K Khi.

MINIM™

FOK A GIVEN FLOW RATE , THERF 1S AN OPTIMAL OPERATING CONDITION
FOR MAXIMI PHOTOVC LTAIC CUTPUT FOL B2THE Gaas AND.Si HYBRIL SYSTE!S
[ ]

| Qp SRR

HIG CONCENTRATION BYERRID MS QFFET A DISTINCT COST ADVANTATC
OVEF FLAT FLATZ MYBRID SYSTEMS { CONCENTRATION REDUCES CELL AR::

THE THERMAL ENERGY ACHIEVAELE FRO' HYBRID™ SYSTEMS OPERATING &7
CHAXIMUM ELECTRIC: POWE: 1S MAINLY FOR HEATING AND AIR CONDITIONING
PURPOSES.

THZ ENERGY IS DIVIDzZD APPRO‘TWATE" AS FOLLOWS:

33 : 9% ELECTKII . Q0% jqea-1e heaz : 1% MECH. WORE
Gais : 124 ELECTRIT : B3L,cearje Neas : 3¢ MECH, WORK

FOR Si CELL CCSTS 4% $50:m- (NSF GDAL® AND Gais A FACTOR OF 2
MORE EXPENSIVI, OFTIMAL £ OR Gais HYBUID SYSTEM PERFOFMANCY Cf
B ACHIEVEL AT LOWER CONCENTRATIT:
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Summary of Discussion - E. J. Conway

Dr. Charles Byvik of Langley initiated the discussion By reviewing
some high points of the meeting. His impression of the program was
given in analogy. The program was like a diamond. The narrow top

point was the number of important applications which needed GaAs solar

cells. The wide central region was the broad range of device concepts

and research currently underway in the program. The narrow point which

supports the diamond was seen as the materials research base within th=s

program. Dr. Byvik felt that our materials research was too limited
for a stable program.

Discussion of applications centered around three areas: the
Satellite Solar Power Station (a 15 GWe space satellite beaming poWer
to earth for a lifetime of twenty years), near sun missions (such as
a Mercury or solar orbiter), and terrestrial photovoltaic power.
Applications oriented people asked questions to which there were no
satisfactory answers, iet.

a. What will the AM-O efficiency be for GaAs solar cells in

the 1980's? | -
b. What will the temperature coefficient be for developed cells?
c. What will be the temperature stability to cyclic variations?

d. What will be the radiation damage efficiency-decrement at

Q%AGEI? end of life?

e. Who will manufacture GaAs solar cells?
f. How much will cells cost?
The chief questions asked of GaAs solar cell users were, how many

square meters of these cells will be needed, and when.
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Device research discussion emphasized both problems and potential.
The chief problem was the low short circuit current, due to nonuniformity
of the liquid phase epitaxial (LPE) layer or of the substrate ﬁaterial.
Other important problems mentioned were the labor intensiveness of LPE
cells and low resistance ohmic front contacts to p-GaAfAs. On the
positive side, vapor phase epitaxy (VPE) may supplant LPE for further
cell development due to flexibility and scaling advantages. Also,
device specialists felt that the best small GaAs cells would be more
than 14-15% efficient in space. However, a final structure, best
suited to develoﬁment, has not yet been identified.

On the subject of materials, all participants were in general
agreement. GaAs is being produced for LED applications and does not
meet high quality standards. (For example, the reproducibility and
vield of manufactured microwave devices are strongly dependent on sub-
strate guality.) Although double epi-techniques can provide tﬁe required
long diffusion length, substrate uniformity.appears to limit the high
efficiency area of the cell. Since VPE techniques provide no clean-up,
VPE cells should require purer substrates than presently being used.

The areas needing further emphasis within the program are

1. Bulk GaAs for uniform large area cells and for VPE cells

2. Contact metallurgy for low resistance ohmic contacts with

good adherence

3. New cell structures including one with indium oxide front

contact and a GaAs film cell

4. Environmental testing such as radiation damag=s and end of

life characteristics.
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