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. START I NG MATERIALIPROCESS I NG POORLY CHARACTER 1 ZED 
0 FA I LURES, ANOMALIES, CHANGES I MDEQUATELY CHARACTER1 ZED 
@ ACTUAL ENVl RONMENTAL CONDIT IONS NOT RECORDED 



LOW-COST SILICON S O L A R  ARRAY..PRO;IECT- . 

ENVIRONMENTAL ANALYSIS' . . 
. . . . 

. . . .. 

PROBLEM .. d .. : . , . .  . 

COMB I NAT IONS O F  ENVIRONMENTAL CONDITIONS S I GNl  FICANTLY 
AFFECT DEGRADATION RATE (E. G. TEMPERATURE,. ULTRAVIOLET, . ,  

HUM1 DITY) 
PREVIOUSLY AVAILABLE INDIVIDU' A L  ANDCOMBINATION STATISTICS 
WERE. I NADEQUATE . .. . 

APPROACH - DEFINE SIMULTANEOUS OCCURRANCE OF ENVIRONMENTAL. FACTORS 
rP 

NINE SELECTED s ITES - IIREPRESE~TAT IVEEXTREMES" ' . , : .- 03 
. . 

(EXCLUDE EXTREME MARINE, DESERT, MOUNTAIN) 
MERGED DATA TAPES - CLIMATIC, INSOLATION, OTHER 

@ ACTUAL STATISTICS OF SIMULTANEOUS OCCURRANCE FOR 10YEARS . ;: . . . .  , 

RESULTS . . 

o STATISTICS ON INDIVI DUAL CONDITIONS WAS BY-PRODUCT 
e 20 YEAR PREDICT ION OF COMB NAT IONS 

. . 

r, S PEC I A L  HAZARDS (TORNADOES, HA I L, ETC. AS GENERAL OR REG I O N  
STATISTICS - .  . . 



LOW-COST . . .  SILICON SOLAR ARRAY PROJECT 

ENV.IR0NMENTAL ANALYSIS., 

CONCLUS l ONS 

e , CO.MB I NAT i ONS OF EXTREMES DO NOT GENERALLY OCCUR 

"ABUSIVE" COMB N A T  IONS OCCUR WITH LIMITED FREQUENCY 

e SYSTEMATIC CORRELATION BUWEEN S ITES I S  POSS l BLE . ' .  
. . 

* "NESTED TEST S E T S ~ ~ A P ~ R  FEAS l BLE . ' 

0 ,  METHODOLOGY USED I S  APPLICABLE TO M A N Y  SOLAR ENE.RGY" 
PROBLEMS 

. . 
. . . , 



LOW-COST SILICON SOLAR ARRAY PROJECT 
;'TEST APPROACHES: 

WEALTIME OUTDOOR WEATHER1 NG 

20 YEAR EXPOSURE IMPOSSIBLE AND IMPRACTICAL 
AT LEAST ONE FULL ANNUAL CYCLE REQUIRED FOR ANY DURAPOLATION 

PREDICTIVE TEST I NG - GENERAL CATEGORIES 

ACCELERATED - ONE OR MORE ENV I RONMENCAL STRESSES 
(TEMP., HUM1 DITY, U. V. 1 l NCREASED ABOVE NORMAL 

. . 

ABBREVIATED -SHORTER THAN EXPECTED LIFE WlTH MECHANISMS 
AND RATES DETERMINED WlTH SUFFICIENT ACCURACY TO PERMIT 

' EXTRAPOLATION 

T I M E  COMPRESSED - SHORTEN OR ELIMINATE PERIODS DURING 
WHICH DEGRADATION DOES NOT OCCUR OR OCCURSAT VERY 
LOW RATES . . 

9 EVENT COMPRESSED -TESTS CONDUCTED AT SELECTED (E. G. MOST 
ABUS IVE) R.EAL CONDlT IONS . 

' 

8 THESE ARE NOT. NECESSARI LY MUTUALLY EXCLUS IVE, MANY TESTS I NCORPORATE 
ELEMENTS OF TWO OR MORE . . 

.e ' THERE ARE MAJOR POTENTIAL PROBLEMS~ERRORS ASSOCIATED WlTH EACH . .  



LOW-COST . . SILICON SOLAR ARRAY, PROJECT 

PREDICTIVE TESTING ; 

. . . . 

A V A l  lABLE DATA HAS BEEN ANALYZED 

. DATA I S  VALUABLE -BUT IS'INSUFF'ICIENTTOVALI~DATEAPPR.0ACH FOR 
T H I S  PROJECT;. . " ;  

. . . . . . . . 
. . . . : , 

. . 

. EACH MAJOR I NVEST I GAT ION INCLUDES ONEOR MORE. I NADEQUACIES'. 
. . . . .  . . . . . .  

. STAT I ST I cs AFTER -THE-FACT 
. REPLICATE SAMPLES . :' : :,;'; . - .  

. . .  . .  - 

. , DATA FREQUENCY OR INTERVALS :. , . 
...  

' . ACTUAL EMI I RONMENT MEASUREMENTIRECORD 

,: s 

. . . . . . 
. . . . 

. . . . . .  

PRELIMINARYTESTDESIGNHAS:: . . : '  . . . . . . . .  i . '  . , . . .  . 
. . . . . . 

CONFIRMED THE IMPORTANCE OF STATISTICS I N  TEST DESIGN . ' . .  
. . 

' PROVl DED l NIT1 AL DEFl N lT lON OF MEASUREMENT FREQUENCY AND 
. . . . .  . . . . . .  

ACCURACY . . .  . . . . . .  . . . . 

CONFIRMED . . .  THE REQUIREMENT FOR IMPROVED DIAGNOST~CS ': : 
. . .  . . . . .  . . .  . . .  



LOW-COST SILICON SOLAR ARRAY PROJECT 

PREDICTIVE TESTING 
. : ' . . 

. . . . . .  . . . . .  . . . . .  . ., 

I LLUSTRAT ION OF MEASUREMENT ACCURACY/ T I ME REQUIRED. 

ASSUMED 
FRACT l.ONAL 

DEGRADAT I ON 
AT END OF 20 

. . 
. , . . : '!:, . . . . . .  . . .  . . . . .  . . 

. . .  . , .  . . . . .  . . : .  . 
. . . . .  . . .  . . . . 

. . 
....... . . . :  . . . . . . . . . . .  

. . . . FRACT ~ONAL DEGRADATION EXPECTED TO _.. :OCCUR . . .  : : :  . :  
. . . .  
. . : . . . AT END, OF T IME SHOWN, PER CENT . : -  . . . . .  . , . i. . ,  . . , . , . 1 - ,. . ' ,  

. . . . . . . .  . . . . . .  . . . . . . .  . = .  . , .  
. . . .  . . . . 

. . . . . .  . .  
. . , .  ._: 

. . .  . . . . . . . . . . .  . . . . . . .  . . ,  . . 
. . 0 .  ' 

.:; . . 
. . . . 

i 

. . . . . .  . . .  
: .  

. . . . -  . . . . : 

YEARS, . . . . . . . . . . .  . . 

PER CENT  DAY , 3 0 D A Y S  9 0 D A Y S .  .180DAYS . . .  , : ' Z ~ O , ~ A Y S  . . .  3 6 0 ~ ~ ~ s ' .  . . . . .  
. . . . 

. . . .  , 
\ 

. . . . 



lQ.,.W,=.CO§T SILICON SOLAR 'ARRAY PROJECT . 5 .  

PR,EDICTI,VE TESTING . , : 

EXPERIMENTAL EVALUATION' 

ENCAPSULANT , .  

: FREE Fi LM . 

LABORATORY PARAMETERS - FULL FACTORI'AL 
. . 

TEMPERATURES ~ O C ,  ' 5 0 ' ~  
'. HUMIDITY Wo, 50'85 100% . . . . . .  

a SIMULATED SUNLIGHT 0, 0.5, 1.0 AM4 - 011 ALTERNATING', 



.'. . . . . " 

, . 

LOW-COST SILICON SOLAR ARRAY PR0,JECT 

0 CONDITIONS ' ,  

' *  H E A T - A G ~ N G ~ ~ ~ C ; ~ O O ~ C  . 

, HEAT-AGING 55Oc, iooOc PLUS ULTRAVIDLE~'; 
, I 

, , 55OC AT 95% RH PLUS ULTR~IOLEI '  , ,  

" 

I' s , , 
, , 

, WEATHEROMEI'ER , , . ,  
, ' 



L O W - C O S T  S I L I C O N  S O L A R A R R A Y .  P R O J E C T  
PROBLEMS, WITH PREDICTIV.E 'TESTING' 

.. .. . . . . ... . .: . . 
. . . .  . , . . . . 

> ' . . . .. 
. . :. . . .  . . .  . . .. . . .  . 

' .  . . . . . .  . . . . . . . . '  , . 
. . . . .  . . . . 

. . .  . _ .  . 

MECHAN I SMS AND RATES CAN CHANGE DRASTICALLY w ITH-: 
ISTRESS" LEVEL . . 

. . _ .  . 
. . 

. . - .  . 

a VAR I AT I ONS I N 'START 1 NG MATERIALS . .  . 

. . I CONTENT 'OF "I MPURITI ES" CRITI CAL TO WEATHERING, .:CAN 
. - . . 

. VARY 103) . , '  , . . . ' , .  . - . . .  , . .  . . .. . . . .  - . .. 
. c  . . . 

, . . . . . 

. DEPENDENT O N  PROCESS AND ,USE COND~T.IONS. 
. . .  . . 

. .  . 

a- MECHANICAL STRESS . . 

' AN l  SOTROPY AND NONHOMOGENE~TY .' 

.a IMPURITES .- - . . 

CHANGING MATERIAL - MATL DEGRADING I N  lDTH YEAR HOT THE 
SAME MATERIAL AS FIRST YEAR 
( MECHANISM AND RATE DEPEND ON CONDITION AND COMPOSITION,)' 

. " .  
. . 



AVAILABLE ENCAPSULATION . . .  MATE:RlALS . .  

GLASS-BASED . . . . . . . . . .  SYSTEMS - AT. LEAST AS AN INTERIM . . . . .  . . 

. . . .  , .: 
. . . . 

DEMONSTRATED SYSTEMS CAN, BE ON-STREAM SOONER.,.' ' ; , . .: 
. . . . . . .  

. . .  
.... 

I NHERENTLY MORE WEATHER'RES I STANT . .  . . . . . . . . .  

AVAILABLESTABILITY DATA.. . 
. . 

. . .  . . . . . . 

' HERMEI 1 CITY - B m E R  PROTECTION OF CONTACTS AND I NIERCONNECTS 
FROM. ~ 2 0 ,  ' S Ox, ETC. . . 

. DOU BLE AS MODULE STRUCTU RE:(REDUNDANT, STRUCTU,RE WI LL NOT BE ..:i 
. . . . . . . .  . . .  . . 

. . . .  . . .  
. . . . . . 

..;. .. . . :  . . . .  . . . : . .  
. . . .  PERMISS I BLE AT LOW-COST) . . < .  . . . . .  I :  .: . . .  . : .  . . . .  

. . . .  . . . . . . .  . . - . . . . . .  . , . .  

0 '  PRODUCTION~ANDTECHNOLOGYAVAILABLE '' . '  ' ' . .  " '  ' "' . ' '  ' .  

(500 mwlyr  - 5 x 106m21yr = 2% OF U. S.. ANNUALFLAT GMSS::PROD. ): '" 

. . .  -. . . . 

. . .  . . 
. . 

. .  

D l  SADVANTAGES' . . 

' r IMPACTSENSITIV~~TY 
MECHAN I CAL PROCESS I NG I N O  MODULES D l  FFI CULT ; 
TOTAL COST - MATERIALS AND PROCESSES - MI  GHER THAN COMPETITION 
POSS I BLE RAW MATERIALS AVAI LABI~LITY (FOR BOROSI LICATE ONLY). . '. 

>'i I 



LOW-COST SILICON SOLAR A R R A Y  PROJECT 
AVAIABLE MATERIALS 

QUESTIONS 

MATERIAL COSTS'..' . .. 
. ' .  

, o  WHAT C0STS;ARE NOW HIGH BECAUSE OF L l  MlTED MARKET? 
. . 

. WHAT COSTS ARE NOW LOW-MATERIAL I S  BASED ON BY-PRODUCT?. . . 
. . 

Q WHAT I S EFFECT OF LOWER ACCEPTABLE "OPTICAL QUALITY" ON . . ' 

GLASS COSTS? . . 
. . . . 

. . 
. . 

TECHN I CALlMARKkI . . 

Q WHAT PRODUCTS ARE DEVELOPED OR BEING DNELOPEDTHAT COULD 
BE'AVAILABLEFORPHOTOVOLTAIC? . ' ,  

. . 

WHAT CURRENT PRODUCTS WILL NOT BE AVAILABLE I N  THEIR PRESENT 
FORM, QUALITY, EK. ? 
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N A T ~ O N A L  SOLAR PHOTOVOLTAIC. PROGR~AM REVIEW'. 
. 1 

WALTER: . . .  A. HASBACH 
. . . . .  

TASK MANAGER 
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ABSTRACT 

Using the results and. e&rience.gained from various studies, the 

objective is t o  fabricate .solar .arrays of 1.m or better conversion efficiency 
. . . .  . . 

, .  . 

a t  .a . prf ce of. SO. 5O/watt or  less'  a t  a ra t e  of 500 megawatts per year w i t h  a ;. . 

20 year. operating l i f e .  Phase I (technology' assessment) -of r h i s  task has these.  

specific objectives: 
. . .  

. To identify the requirements 'for e c a n d c a l  manuhcturing processee . : ' .  
..;. . . . . . . . . . . . . . . .  . . . . . . ,  

. :  . . . . . . . .  . . . . . . .  . . . . . .  . . .  axid a faci l i t ies .  . . . . . .  . , . . . .  I . . . .  . . . . . . . . . .  . . . . . . . .  * .  . . . .  . I '  s , '  : . . . :  . .' - lb assess the current '.technokogy. used in. the. manufacture and' assembly 
. ., . 

processes. +ha+ -la be' applied, to. .oiar .'arrays'. . . . . . . .  . . . .  . .  . . ._  
. . . To determine the l e v e l o f  technology readiness to  achieve the'high- 

. . . . 
, . 

. . .  . . 
. . volume, low-cost production., . . . .  . . 

. . .  . . 
. . .  . . .  . . 

To propose, processes .for development. , ;  . . . . . .  . . . 
. . .  . . .  . . . . .  

. . 
. . . . .  . . . . . . , . -  . . . . . . . . 

TECHN1CP.L BACKGROUND , . . . . . . . . .  

The manufacture of soiar'. ce l l s  and' arrays 'is presently performed under the 

direct  judgment and control of .individual~operatorso~ .Because. of the limited:. :. 
. . ' .  

quantities. of .solar ce l l s  and arrays produced, costs are high. . ~utcmiation .. . . 
accomplishes more than,the obvious reduction of labor. In addition, autoniation,: 

causes a uniformity o f  pr&cessing whiCh result's -in a :mdre unifom pmduct with .:. 

a corresponding reduction of .waste. due t o  rejected product. . . . . 
. '  . 

. . 

ORGANIZATION OF' THE TASK 4 EFFORT . . . . .  . . > .  

Task 4 i s  divided into five phases, occurring 'over a 10 year period of time,." 
. . .  . . the phases are: . . . . . .  . . 

. . I. Technology Assessment. ' , . . . . 

11. Process Development . ;  . . . . 
8 '  

LLI. ..Facility .and Equipment Design'.. .. . . . .  

. Pilot Plant Construction 

V. Conversion t o  Mass Production Plant (by 1986). 

Phase I contracts have been 'awarded t o  three contractors (Motorola, RCA, 

and. Texas Instruments) t o  perform parallel  efforts. The three-contractor paralle 

effor t  philosophy was selected t o  obtain the broadest possible view of recommenda- 

tions and conclusions upon which'to,base the contractual efforts of Phase.11. 
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Phase I contractors will address the areas of defining the requirements. 

-for. automation as applicable to solar cell manufacturing by evaluation of . 

which are.now used by the sexnicohductor industry :and how these' 

processes could be modified for'high-voluuie, low-cost production of solar 

cell.modules. . Cost analyses will be performed to economic guidelines 

to maintain ,an overall view of LSSA Project objectives. ' ' 

Two support efforts have been contracted which contribute to the develop- 

ment of Task 4 objectives. ,A contract is underway.'with Simulation Physics 
. . .  

for exploring the,feasibility of a.unique process for forming a solar cell P/N 

junction. at room temperature. Another contract 'is. just getting started with . . 

Texas Instruments for the optimization of' current proven semiconductor techniques. 
. . 

to produce silicon wafers in the most cost effective manner. 
. .  . 

. . . . 

MOTOROLA . . 

. Motorola's program plan starts out with work on designs of solar cells and 
with process adaptation. This i s  'followed by process sequencing and encapsulation 

design. Costing, cell fabrication and encapsulation experiments 'will be ' carried , ' 

out to be followed by a selec'tion of a recommended sequence and concepts of 

scaling. up to the required production volume. , . . 
A list of 45individual processes. was assembled for study. The processes 

have' been categorized in* four groups in relation to their applicability to solar 

cells; (1) judged unlikely; (2) potentially promising; ( 3 )  present solar cell use ' 

and (4) semicoiductor processes, not' usualiy applied to solar cells.. Eight of 

these processes are being studied by laboratory experimentation. Higher ef f icieficy 

cells require.less encapsulation and structure. When the cost of slight increases 

in efficiency is. weighed against the cost of slight reductions in- the need. for 

encapsulation and structure, it. indicates that medium to high. efficiencies are 

most. cost effective. 

RCA LABORATORIES 
The RCA program plan begins with the development of a cost analysis 

' procedure. This procedure has.been applied to existing process technologies to 

obtain.very detailed costs. The development of cost effective approaches and '' 

the 'identification o£ cost/manufacturing ' obstacles also began at the onset. The , . 

work on the solutions to the obstacles, with experimental demonstrations has be.gun. 

The final step will bh to defino the most cost effective approach for manufacturing 

the solar cell modules. ' 



502 ReA, l r  uring an .awlytical aystem which relier , on three organiratienul 

diagrmr.- 'Phoae u e r .  (1) A rilicon qu€$$ty materials mrrtrixj (2) A procesrhg 

matrix,  and (3) + array mc~ule coat ana lp is  intereiction diagram. me aiii- 
quality xktrix i r  'a five row by reven &i- pattern of podaible silicon p u i t y  
leve$r and phyaical f o b .  The proceraing matrix catalogues 28 separate 
procarae. hi& contain the many optLon. for fabricating soi l r  calla from #0 

different g;a&er of ailicon quality ;a dotemined in the silicon quality matrix. 

Ewry reasonable alternative in these nptrices'ia being evaluated and the detailad 

coats defined. In  general, each -step ia  integrqted into soma entire m&ufactuing 

sequence of proceaaea and +en the costa compared. A performance index i r  
a 

detanained for each procew aa it relater to  the w i y  it affkcta cell  parmetera. 

A manufacturing requence ha8 an overall figure o,f meritwhich ia  the.pr0duc.t of 
#a individual procers performance indicer. In this way evaluati&a arc) 
accoxnpliahed which relate to  aolar cell  costa in taima of dollars per w a t t .  , 

+, -" 

TEXAS INSTRUMENTS * ,  

, . 
A dmrlgn-to-coat malyria has been wad to set allowable asst  goals for 

eaah 3procemr element of the solar cel l  module fabrication pmqess. ~ .b+se l ine  
procerr, ushg current technology, waa costed which showed that current technology 
ir  about an order of rna*itude too expenaitn it each proces8 m1,mont whon cmpatmd 
to  the deriqn-to-coat goals. me cel l  metallization step has been shown to be the 

, *  . 
lear t  coat effective rtep i n  the baseline cell  prodass. Several alternate =el1 
mtallication procaaaea are being studied. 

The allowable cost goals for each proceas element derived from the TI 
derign-to-cost analysi8 have been further, broken down to give modalr of labor, 

ovorhpad, material and depreciation coot goalr. These coat goals are related to 

8 re t  of factory throughput valuer. . .  
, The T I  baaelinn. design focuses on hexagonal cells close packed on 

encapsulated te* watt hodule. Thi. geometry has a amre efficient cell  packing 

density than circular molar cells. It is pointed out that both packing density 

and cal l  efficiency must be impoved to meet the project goals. Their analyros 

uring the deaign-to-coat concept show that low efficiency solar cells uro not 
jurtified with expected costa p.er unit area for module fabkcation &d encapsulation. 

SOLAR CELLS - SIMULATION PHYSICS 

The goal of this program is to demonstrate the feasibility of an unique 
proceas for solar cel l  manuficture. The technique, incorpcirat'es an ion implanter 

and an electron beam @rocassor to manufacture solar cells in a vacuum environment 

a t  room tmperature. The program is ~cheduled for 12  months duration. After 
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1. Feasibility Demonstrated. 9.5% AM0 efficient solar ce l ls  ,have be.= 

.produced a t  room temperature in-vacuum. . .  

a. k . . i on  implant of phosphorus is made. on the front surface of cells,  

boron or  an alumhim eutectic is implanted on i t s . r ea r  surface. . . 

b. ~n 'e lec t ron  beam is used for the implant anneal process and also to  

sinter the , aluminub contacts 'and AR coating. 

2. ' Cell Manufacturing simplified. 'There is no present need for wafer 

cleaning, acid etching or sandblasting processes. No special forming 

gas atmqsphere is required.. There is  no acid waste or other waste 
' 

disposal problem. No materials are used that  do notfoxh part of the 

cell. 

3. Controlled Reproducible Processes. ' Ion. species of a given quantity . 

delivered a t .  given energies can be precisely implanted a t  given depths 

and dnnealed. This technique offers a much wider selection for ce l l  

development and for ce l l  production processes than does the conventi,onal 

diffusion furnace process. 
. " 

4. Net Process. Time Small. Net wafer-to-cell.process time on th i s  pr0.gra.m 

has now been reduced t o  3 6  seconds per cm2 of wafer. area.. 'me program 

goal is under 30 seconds per cm2 for 2 x 2 cm cell.  l e i s  than 5 seconds 

per an2 is a possibility. Times are a summation of the various steps 

for ce l l  processing. ~ ~ u i ~ m e r k  doesn't yet exist for a. contin.uous process 
. . . . l h e .  , 1 

5. 'Low Cost. This technique promotes low cost solar ce l l  processing. .In- 
. !  

herent manufacturing simplicity permits high volume processing a t  high . 
speed with 'good process control requiring l i t t l e  labor surveillance. . , 

1 .  

The method also promises high yield.with l i t t l e  material waste and w i t h  . 

efficient energy utilization. Equipment costs are moderate. 

6. Electron Beam Problem. The electron beam i n  use i s  somewhat dir ty ' 

because it' at tracts  and deposits a t  the ce l l  junction unwanted contaminatixig 

ions. Present lack of electron beam flux uniformity may contribute :to 

crystal l a t t i ce  damage. The 'cbnsebence .. . is a sl ight  reduction i n '  c e l l  
. . 

Voc, about 30 mV typically for a 2 ' x .2 cm .cell .  However, the typical. 

c e l l  output current and i ts I-V curye fi1.l factor are very good. . . . 

LARGE AREA. CZOCHRALSKI SILICON - TEXAS. INSTRUMENTS 
Goal: The contract i s  t o  optimize current proven semiconductor techniques - 

to produce silicon wafers in the most cost effective manner. 



Objectives: . . 

. . 

a. Using melt replenisha&t techqiques, 30 kildgr- of silicon, fn . .  
.. :the 'for6 of 3 crystals 12 cm in diameter wili be grown during .one 

. . 
' ' continuous heat cycle. 

' b. ~ultiblade . . 'sawing techniques . will . be optimized to ' produce . . -025 cm 

(.OIOn) thick wafers from 12. cm diameter crystals. 

.c. Laser shaping techniques will.be developed to produce hexagons, from ' 

the. 12 an diameter vafers at an edge rate of 10 a, per second.. . . . 
. . 

d. T.I. will develop and . continually . update ah economic model of the 

crystal growth, wafering and shaping t6chniques described above. . 

Status: . . 

The initial'two months of the contract have resulted in the followingt 

.Th= prelmiinary economic modei of the Czochralski crystal growing and 

wafering processes shows' . . that proces~ing techniques optimization will 
. 

result in sheet costs of ,less than $30 per square meter with- polysilicon 
. . . , 

starting material input costs of 10 per kilogram. 
. .. 

Theoretical yields for the melt r&ple'nishm&t technique being developed:, 

show 60% yields ihould be obtainable (in the specified resistivity range) 

rather than the 60% originally anticipated. . . ~dditionall~, thermal' 

modeling has shown + .  that 15 cm per hour growth rates should be obtainable 

and that the 12 cm per.hour.specified in the Coritract is'reasonable. , . 

Furnace modifications are undefway' to prove. the.& theoretical, models are - 
. . . . . . 

accurate. . . .  . . 

Sawing e&eriments using 400 grit Sic abrasive and both .02 a. (-008'') and 

-01 cm (-004") thick blades have' shbwn v6ry reasonable yields (98%).  he 
results also indicate that several . . crystals could be sliced sirnultaneously 
a t  the same rate as'a sinble crystal provided- the blade load is kept , constant. . 

Slice plus kerf thickness will be'reduced to the Contract goals of -05 . . cm 
(i020"). 



LOW-COST . SlLlCO,NSOLAR . .ARRAY PROJECT, 
. . 

SOLAR ARRAY AUTOMATEQ ASSEMBLY TASK: : 

GOAL 
. 

, PR I CE < $0.50 PER, PEA,K WAlT . '. . . 

. . 

PRODUCT1 ON CAPAB 1.LIT.Y > '500 MEGAWAIT PER YEAR 
. . 



LOW-COST SILICON SOLAR ARRAY PROJECT 

SOLAR A R R A Y  AUTOMATED . " ,, ASSEMBLY 'TASK 

. ORGANIZATI'ON OF TASK ' . . ,  

I TECHNOLOGY ASSESSMENT .., . . .  
. . , .  

. ' . (1 YEAR) 

I I . PROCESS DEVELOPMENT . '  ' . (2 YEARS) 

III FACILITY & EQU~PMENT DESIGN : (2 YEARS) 

: I V  P I  LOT PLANT DEVELOPMENT AND! ., 

. . . . 

OPERATI ON , . (3 YEARS) / 
. . 

= V PILOT PLANT TO MASS PRODUCTION . : . .i .: 

CONVERS l ON , ,, (2 YEARS) 



. . .. ' , ..... ' . "'* 

LOW-COST'S~LI ,CO:N ;SOLAR'  ARRAY 'PROJECT.':  

SOLAR ARRAY . .. AUTOMATED 'ASSEMBLY 

OBJECTIVES - PHASE I . .  

RELATIVE TO LOW -COST, H l GH VOLUME PRODUCT,lON OF SOLAR. CELLS/, 
MODULES .. . 

2 - ASSESS THE CURRENT TECHNOLOGY USED. IN THE MANUFACTURING 
. . 

AND ASSEMBLY PROCESSES . . 

4 - PROPOSE PROCESSES FOR DEVELOPMENT .. 



LOW-COST SILICON SOLAR 'ARRAY PROJECT 

SOLAR ARRAY .,AU.TOMATED. ASSEMBLY ... .. . . 

PHASE. I TECHNOLOGY AS.SESSME:NT 

CONTRACTS 
. . 

PARALLEL EFFORT CONTRACTS HAVE' BEEN AWARDEDTO MOTOROLA, . .  RCA , 

AND TEXAS I NSTRUMENT TO: . .  . 

. . . . . . 
a . ANALYZE EXISTING TECHNO LOG^ ES : ' . ,  

. .. 
. . 

e I DENTI FY COSTS . . OF PR0CES.S I NG AND TEST1 NG STEPS 

,@ . . . DEVELOP COST EFFECT~VE APPROACHESAND I DEMIFY. 
: OPTIONS AVAI  LABLE . . 

. . 

I DENTI FY COST/. MANUFACTURING OBSTACUES 

CONCEPTUAL SOLUTIONS TO THESE OBSTACLES 

a DEMONSTRATE COST EFFECTIVE SOLUTIONS 

COST EFFECTIVE TO ACH I EVE THE PROJECT GOALS 
, , ,. , 

. 
. . 



L O W - C O S T  S I L I C O N  S O L A R  A R . R A Y  P R O J E C T  

SOLAR .ARRAY AUTOMA.TED ASSEMBLY TASK 
PHASE I - SUPP80RT CONTRACTS 

CONTRACTS 

e SIMULATI'ON PHYSICS -EXPLORING THE FEASIBILITY OF A .. 

UNIQUE PROCESS FOR FORMING A SOLAR CELL PIN JUNCTION 
. . . . .  4T ROOMTEMPERATURE . .... 

TEXAS I NSTRUMENT - OPTIMIZATION OF CURRENT PROVEN SEMI - 
CONDUCTOR TECHNIQUES TO PRODUCE S l  LlCON WAFERS I N  
THE MOST COST EFFECTIVE MANNER 



LOW-COST SiLlCON S O L A R  ARR.AY. PROJECT.  



; . '  LO W-COST SILICON SOLAR A R R A Y  PROJECT . '. 

SOLAR . . ARRAY 'AUTOMATED ASSEMB.LY TASK . 
. . . . . . 

. . 

MOTOROLA:' 

45 I NDIVI DUAL PROCESSES HAVE: BEEN CATEGORIZED INTO 4 GROUPS: 
I:N RELATI ON TO THE1 R APPLI CABI LITY TO SOLAR CELL PR0:CESS I NG 

. . . * . . 

1 - JUDGED L I  KELY 

4 - SEMI CONDUCTOR PROCESSES NOT USUALLY APPL.lED 10 
SOLAR CELLS . . .  - .  , .  

. . 

8 OFTHE 45 PROCESSES ARE BEING STJDI'ED BY LABORATORY 
EXPER I MENTAT I ON. 

. . 



LOW-COST SILICON SOLAR A R R A Y  PROJECT 
8S0.LA.R ARRAY' AUTOMATED ASSE'MBLY: TASK, 

' MOTOROLA (CONTD) 
. . 

. . 

*a COST TO PRODUCE HIGHER EFFICIENCY CELLS WEIGHED AGAINST 
COST OF ADDED ENCAPSULATION, ST;RUCTURE AND VOLUME PRO- 
DUCT1 ON, INDICATED H IGHEREFFI CI ENCY CELLS TO BE MORE COST 
EFFECT IVE . . 

-- . . 

TEXTURE ETCH FRONT SURFACE CELLS RESULT I N  HIGHER EFFlCI ENCY, 
LOWER CONACT RES I STANCE OF METALLIZED AREAS AND 'DAMAGE 

. FREE ITCHED SURFACE- . . vI 
'W 
10 

. .  ' 

MOTOROLA IS I NVESTIGATING THE BENEFITS OF AIAKI NG THE . BACK . OF 
CELLS REFLECT1 NG TO IMPROVE EFFI C I  ENCY 

. . 

VARIOUS METALLIZATION PROCESSES ARE BE1 NC EVALUATED ,: 

. . 
. VARIOUS METALS AND MATERIALS ARE.BEI NG'TESTED TO EVALUATE. 

THE1 R A B I  L lTY TO WITHSTAND THE OUTDOOR ENVI RONMENTAND SEAL 
OUT MO I STURE ' 



LOW-COST SILICON SOLAR A R R A Y - P R O J E C T  

, RCA ' LABORATORIES' . . . . 



LOW-CO.ST.SILICON SOLAR ARRAY PROJECT 
:SOLAR ARRAY. AUTOMATION ASSEMBLY-TASK 

RCA LABORATORIES ' ' 

STATUS 

A DETAILED COST ANALYSIS PROCEDURE HAS BEEN APPLIED TO 
. EX1 ST1 NG PROCESS TECHNO LOG I ES TO OBTAI N DlTA I LED COSTS 

a, COST EFFECTIVE APPROACHES AND THE I DENTIFICATliON OF COST1 
MANUFACTURI NG OBSTACLES I S C O M P W E  

WORK ON THE SOLUTIONS TO THESE OBSTACLES, . . WITH EXPERIMENIAL 
, ' DEMONSTRATIONS HAS BEGUN., . . ,., . . . .  

. . -  
. . 

. . 



SOLAR ARRAY AUTOMATION ASSEMBLY TASK. 
RCALABORATORIES (CONTD) ' , , ,  ' '. . .  . ., . . , 

STATUS (CONTD) . . . . . . . 

THE ANALYTICAL SYSTEM RELIES ON THREE ORGANIZATIONAL DIAGRAMS ; 
. . . . . . 

. . 
. . -  . . 

. 1 - SI LICON,MATERIALS MATRIX . . . . . : .  

a - FIVE ROWS BY SEVEN COLUMN. PATTERN OF POSSl BLE S l  L l  CON 
PURITY AND PHYSICAL FORMS 

. . 

2 -  PROCESSINGMATRIX : . ' .  . .  ". : : , ' . . . ,  , , '  . 
. 

.' a - CATALOGUES 28 SEPARATE PROCESSES WHl CH CONTAI N THEMANY v1 
C, 

OPTIONS FOR FABRI CAT1 NG SOLAR CELLS FROM D l  FFERENT GRADES vI' 

, . . .  , ' 

, ' OF S I L I  CON QUALITY: , .  . . . 
' I . . .". . . 

3 - AN ARRAY MODULE COST'ANALYS I s INTERACTION DIAGRAM , . .  . .  1, 

a - EVERY REASONABLE ALTERNATIVE INTHESE MATRICESIS  BEING, . 
EVALUATED AN D THE DETA I LED COSTS DEFl NED '. ' 

. . ' ! . 

b - COST1 NG PROCEDURE USES 8 BAS1 C ELEMENTS 
. . 

i - I NCOMI NG UNIT COSTS- . , : . . 
. . . . .. v - LABOR OVERHEAD 

ii - SUPPLI ES," MATERIAL, GASES, : .  . ' v i  ; J NTEREST : , . ', 

, . . . .  . ELECTRICITY fTc.'' ',"::".: ' : . v i i  - DEPRECIATION.. '. . . 

iii - DIRECT LABO'R . .:: j .  
s .  . ' v i i i  - FACTORY'OVERHEAD . . 

i v -  :I NDI RECT LABOR , .  ' . . . . . .. . . .. : ' . . : , , ix - INVESTMEM . .  . .  : : 



LOW:-COST .SILICON SOLAR ARRAY PROJ'ECT. 

SOLAR ARRAY AUTOMATION ASSEMBLY TASlK 
1 RCA , ,  LA'BORATORIES . (CONT;D)- . . .  . . .  . 

STATUS (CONTD) . . 

. .  . 

4 - RCA RECOGNIZES THAT THIS COST ACCOUNTING APPROACH TO PROCESS - 
N A L U A T  ION HAS WEAKNESSES - . . . . 

. . . . 

a - MAY NOT PERMIT DIRECT COMPARISONS DUETO DI FFERENCES IN .# 

,. THE QUALITY OF THE OUTPUT OFTWO ALTERNATIVE PROCESSES 

. . 
. . . . 

5 -METHOD OF USE - , .. 

a - EACH STEP I s I NTEGRATED I NTO SOME ENTI RE MANUFACTURI NC 
SEQUENCE OF PROCESSES AND.THEN THE COSTS ARE COMPARED 

, . 

, b - .  A PERFORMANCE I. NDEX I.S DETERMI NED FOR EACH PROCESS AS IT.  
RELATES.TO THE WAY IT  AFFECTS CELL PARAMETERS . . 

' , . , .  

c - A MANUFACTURING SEQUENCE HAS ANOVERALLFIGURE OFMERIT 
5 WHICH I S  THE PRODUCT OF.THE I N D I V I  DUAL PROCESS PERFORMAR'CE 

I NDI'CES 

EVALUATIONS ARE ACCOMPLISHED WHICH RELATE TO SOlAR CELL COSTS ' '  

I N TERMS OF DOLLARS PER WATT. : " . . 
. . 



LOW-COST SILICON SOLAR A R R A Y  PROJE-CT 
i . . 

. 'TEOXAS INSTRUMENTS INC. 



SOLAR . . ARRAY . . . . .  AUTOMATED . . ASSEMBLY . . TASK 
TEXAS INSTRUMENTS . . . . . . . . . . . . . . . .  

STATUS 

TECHNOLOGY ANALYS I S WAS STARTED R I GH,T OFF WITH THE CELL 
DESIGN, JUNCTlON FORMATION, AND MET,ALLlZATl ON. ... . . 

. . . . . .  ' I '  _ . . .  . . .  

COST STUD1 ES WERE IMMEDIATELY BEGUN FOR CELL DESI.GN AND' 
. - 

AUTOMAT I ON s 
0 

. . . .  . . 
. . . . . . . . 

:a WITH I N TWO'MO~THS, EXPERIMENTAL STUDIES WERE UNDERWAY ON 
. . . . . . . . .  CELL DESIGN, JUNCTION FORMATION, A N D  MEIALLIZATION. < '  

. . . . .  . . .  



LOW-COSTSILICON SOLAR ARRAY . PRrOJECT , , .  , 

SOLAR ARRAY . A.UTOMATED . .  . .  . ASSEMBLY 'TASK,: 
TEXAS INSTRUMENTS 

STATUS . '  

\ . . 

b, A DES I GN-TO-COST ANALYSIS HAS BEEN USED TO SET ALLOWABLE COST GOALS 
'- FOR EACH PROCESS ELEMENT .. . , .  

. . 

o A BASELI NE PROCESS, USING CURRENT TECHNOLOGY, WAS C~OSTED WHICH . .  

SHOWED THAT CURRENT TECHNOLOGY I S  ABOUT AN ORDER 0F.MAGNI:TUDE TOO 
EXPENS IVE  AT EACH PROCESS ELEMENT WHEN C!OMPARED TO THE . . DES I GN-TO- 
COST GOALS . . 

. . 

. CELL METALLI ZAT ION HAS BEEN SHOWN TO BE THE LEAST COSTEFFECTIVE STEP 
:, I N THE BASELI NE CELL PROCESS - . :, 

:m~ 
SEVERAL ALTERNATE CELL METALLI ZATI OIN PROCESSES ARE BEI NG STUDIED AND : 

A TEST PATTERN HAS BEEN DEVELOPED AND USED TO EVALUATE SPEC1 F IC CON- 
T A C T  RES I STANCE .- . . 

EXPERIMENTS AND DEVELOPMENT WORK ON S I LK SCREENED THICK FI LM 
M n A L L I  ZAT I ON SYSTEMS ARE BE1 NG CONDUCTED , .  

THE ALLOWABLE COST GOALS FOR EACH PROCESS ELEMENT D'ER I VED FROM THE 
DES I GN-TO-COST ANALYSIS HAVE BEEN FURTHER BROKEN DOWN TO GIVE MODELS 
OF LABOR, OVERHEAD, MATERIAL, AND DEPRECl AT1 ON COST GOALS. THESE 
COST GOALS ARE RELATED TO A SET OF FACTORY THROUGHPUT VALUES. 



LOW-COST S I L I C O N  SOLAR A R R A Y  P R O J E C T '  

COST/UNIT AR,EA vs MODULE EFFICIENCY 
. . 

COST/ m2 + (COSTIWATT x SOLAR FLUX) x ~ M  : ' .. , , DESIGN TO COST 
ALLOCAT I ONS . . 

. . 

COST I MEIER~ 
(MODULE) 

. . 

CO DE: 
A - S I L I C O N  SHER' .$25. 

100 - .J , ' , .  

. B .-FUNCTION A * - . . FORMATION. , $5.  
ul 

' .  N 
' 0 

'C - MITALL! ZAT I O N  
, $ 5. 

D -:AR COATING $ 5. 

' E -.MODU.LE ASSEMBLY . . 

A N D  . . 

' ENCAPSULATION t 10. 
. : . - 

TOTAL, $50. 

1 .  

0.05 . 0.10 0.15 0.20' ' - 0 . 2 5 '  0;3OW . . . . 



LOW-COST SILIC'ON SOLAR, ARRAY 'PROJECT , ' ,  . . 

SO,LAR ARRAY . AUTO,MATED . . ASSEM.BLYTASK 
SIMULATION PHYSICS. . , . . : ' . . ' . .  

. . . . . . . .  
. . . .  .:. 

. . .  . . . .  . . .  . . .  . . . . . . . .  . . . . . .  . . .  . . .. , .. . . .  . . .  . . . . . . . . 

GOAL - 

DEMONSTRATETHE FEAS I B I LITY'OF AN UNIQUE PROCESS FOR. ,, 

SOLAR CELL MANUFACTURE.' THE;TECHNl QUE I NCORPORATES . AN' 
. . 

I ON-I MPLANTER AND AN ELECTRON BEAM. PROCESSOR T O  MANU-, 
. . . . .  

FACTURE SOLAR CELLS I N A VACUUM ENV l RONMENT AT ROOM 

TEMPERATURE. 



LOW-COST, SILICON SOLAR A R R A Y  P R O J E C T  

SIMULATION PHYSICS ( , c ~ ~ ~ ~ ) '  ' ' 

WITHOUT THERMAL PROCESSING 

CESS PARAMETERS FOR IMPLANT 

Ill. IDENTIFY OPTIMUM ROOM TEMP- 

TIONAL PROCESS CELLS 



' L O  W - C O S T  S I L I C O N  S O L A R :  ARRAY'  PROJECT : : ,. 

SOLAR ARRAY AUT0MAT:ED ASSEMBLY TASK 
, ,  - SIMULATION PHYSICS: ' ,  . .  . . . . .  . . . 

. . . . .  
. .  . 

. . 

STATUS , . 
. . 

. . 

FEAS I B I LITY 'DEMONSTRATED - 9.5% AMO (COMRACT GOAL 11% AMO) SOLAR 
- . CELLS HAVE BEEN PRODUCED . . . ' . . 

. . 

' a - -AN ION-IMPLANT OF PHOSPHOROUS IS 'MADE ONTHE FRONT 'SURFACE 
OF THE CELL, BORON OR A N  ALUMINUM EUTECTIC I S  IMPLANTED ON " 

. . 
"ITS REAR SURFACE . . . . 

b - AN ELECTRON BEAM I S  USED FOR THE .'IMPLANT ANNEAL PROCESS. AND 
_ ALSO TO SINTER THE ALUMINUM CONTACTS AND AR COATING :.. . ' : . '  . " 

. . . . .  

0 : CELL MANUFACTURING s IMPLI FI ED. . .  . . . . 
. . 

a - NO S PECI AL  FORM1 NG GAS ATMOSPHERE ' . 
. . 

. . 

' . .  b - NO ACI-D WASTE OR OTHER WASTE DISPOSAL PROBLEMS . '. .. 
. .  . 

c - NO MATERIALS ARE USED THAT DO NOT FORM PART OFTHE CELL. . . : 
LOW ENERGY TO MANUFACTURE. . , ' . 

. a - MEASURED I N MICROSECONDS OR FRACTIONS THEREOF, PULSES, USED .';... 
. l N THE PROCESSES HAVE L I l l L E  POWER CONTENT' 

.' NET PROCESS TIME SMALL 
. . .  

a - WAFER -TO-CELL PROCESS TIME HAS BEEN REDUCED TO 36 SECONDS PER CM' 
, (CONTRACT GOAL 30 SECONDS),' LESS THAN5 SECONDS PER CM? APPEARS 

FEASJBLE. .. '. 



SOLAR ARRAY AUTOMATED . . .  ASSEMBLY . TASK 
SIMULATION PHY.SlCS 

DEVELOPMENT REQU I RED . . 
. .. 

8 THE ELECTRON BEAM IN USE ATTRACTS AND DEPOSITS AT THE CELL 
'JUNCTION UNWANED CONTAMI NATI NG IONS 

PRESENT LACK OF ELECTRON BEAM FLUX UNI  FORffllTY MAY BE 
CONTRI BUT1 NG TO CRYSTAL LATTI CE DAMAGE . . 

e' THE CONSEQUENCE I S  A REDUCTION I N,CELL.Voc .. . OF ABOUT. . . 30. mV 
TYPICALLY - .  . . . . 



LOW-COST SILICON. SOLAR ARRAY PROJECT 

SOLAR ARRAY.;AUTOMATED .. - ASSEMBLY, . :  TASK 
TEXAS . ... I.NSTRUMENT 

GOAL - / 



LOW-COST SILICON SOLAR A R R A Y  PXOJECT. 



LOW-COST SILICON SOLAR ARRAY PROJECT 
: S O L A R  A R R A Y  A U T O M A T E D  ASSEMBLY.  TASK 

' TEXAS INSTRUMENTS 

STATUS 

a A P R ~ I  MI NARY ECONOMI c MODEL OF THE CZOCHRALSKI CRYSTAL 
GROW1 NG AND WAFERING PROCESSES HAS BEEN COMPIHED . .  ' , .  

. . 

, . 

THE ANALYSIS SHOWS THAT PROCESS1 NG OPTIMIZATION CAN RESULT 
wl 

I N  SHEET COSTS O F  LESS THAN $30 PER SQUARE METER WITH POLYS I LICON 10 
u 

STARTING MATERIAL INPUT COSTS OF $10 PER K l  LOCRAM '' 

a 'THEORETICAL YIELDS' FOR MELT REPLENISHMEM: SHOW THAT 80% YIELDS. 
SHOULD B E  OBTAINABLE I N  THE SPEC1 FIED RESISTIVITY. RANGE 

. . . . . . 



LOW-COST SILICON SOLAR ARRAY PROJECT 

STATUS 

:SOLAR ARRAY AUTOMATED ASSEMBLY,,,,TASK: 
TEXAS 1NSTRUNSENTS (CONTD) . ' . . , ,  

' e  FEAS I B I L ITY DEMONSTRATED - 9.5% A M 0  (CONTRACT GOAL 11% AM01  S0LP.R 
., CELLS HAVE BEEN PEODUCED . . . . .  

. .  . 

. a - AN ION-IMPLP.Ni OF PHOSPHOROUS I S  MADE ON THE FRONT SURFACE. 
G F  THE CELL, BORON OR A N  AL'UMI NUMEUTECTIC 1s. IMPLANTED 03 
ITS REAR SURFACE . . 

. . 

. . .  

ALSO TO S! NTER T H E  ALUMI  N U M  CONTACTS AND A R  COATING, .' . "  " ' in 
. . . . P3: 

.m: 

CELL hIANUFACTURI . . NG s INIPLIF) ED . . 

a - h O  S PECI A L  FOR4AI NG G A S  ATMOS PHERE 

b - NO A C I  D WASTE 3 R  OTHER WASTE Dl SPOSAL PROBLEMS .' 

c - NO MATERIALS ARE USED THAT . DO . 
NOT FORM PART OFTHECELL - 

. . 
. .  . 

@ ' LOW ENERGY TO MANDFACTURE . ' 

. . .  
. . 

. . 

a - NEASURED I N MICROSECOF~DS OR FRACTIONS. THEREOF . e .  P U L S E S  .: .. . . USED 
_. _. . i . . . .  . . .  

IN THE PROCESSES HAVE L l l T L E  POWER CONTENT. 
" . . 

. . . . 

e ' NET PROCESS 'IME SMALL .. . I - 
. . . . 

a - WAFER-TO-CELL ?ROCESS T I M E  HAS BEEN REDUCED TO 36 SECONDS PER C M ~  
(CONTRACT GOAL 30 SECONDS), LESS THAN 5 SECONDS PER C M ~  APPEARS 

. : 
FEAS I. B LE. 



LOW-COST SILICON SOLAR ARRAY. PROJECT'  
SOLAR ARRAY AUTOMATEDASSEMBLY TASK: 

'TEXAS INS,TRUMENTS.(CONTD), . , 

. . . . . . . 

STATUS ' (CONTD) 

THERMAL MODELING HAS SHOWN THAT 15 CM PER HOUR GROWTH RATES . 
, 

SHOULD BE OBTAI NABLE AND THAT THE 1 2 ' ~ ~  PER HOUR SPECIFIED I N THE 
CONTRACTISREAS-ONABLE : 

FURNACE MOD1 FICATIONS ARE UNDERWAYTO PROVE THE VAL1 DITY OF THE' 
THEORETICAL MODELS . . 

SAW1 NG EXPERl MENTS US l NG 400 GRIT 'S~C ABRAS IVE AND BOTH .02 C M  
(.008") AND . O l  C M  (.004")THlCKBLADES HAVE SHOWN YIELDS OF 98%. . .  

ALSO THE SLICE PLUS KERF THICKNESS WILL BE REDUCED.TO THECOMRACT 
. . . . GOALS' OF .05 CM (. 02~'). 



LOW-COST SILICON SOLAR A R R A Y  PROJECT 

SOLAR . ARRAY . .  . . AUTOMATED ASSEMBLY TASK - .  

' TE.XAS I N S T R U M E N T S  ( C O N T D ) .  
, . 

. . 

OBJECTIVES 

US I NG MELT REPLENI SHMENT TECHNIQUES; GROW 30 K I  LOGRAMS 
O F  s I LI CON'I N THE FORM OF 3 CRYSTALS, 12 CM IN DIAMETER : 

DURING ONE CONTI NUOUS HEAT CYCLE . 

MULTIBMDESAWINGTECHNIQUESWILLBEOPTIMIZEDTOPRODUCE 
; 025 C M  (. 010") THICK WAFERS FROM 12 C M  DIAMETER CRYSTALS . .  

0 ,  LASER SHAPI  NG TECHNIQUES: WILL BE DEVELOPED TO PRODUCE: 
' HEXAGONS FROM 12 CM D l  AMETER WAFERS AT A N  EDGE RATE OF 
10 C M  PER SECOND 

DEVELOP AND CONTI NUALLY UPDATE AN ECONOMIC MODEL OF THE. 
CRYSTAL GROWTH, WA=ERl NG,. AND SHAPING TECHNIQUES. 
DESCRI BED ABOVE. . . . 



LO W-COsST SlLlC,ON SOLAR ARRAY PROJECT 

MULTIBLADE SLURRY SAWING COSTS 

SLI CE + KERF, cm 



LOW-C'OST. SlLlCON SOLAR ARRAY PROJECT 

CZOCHRALSKI SILICON SHiEET C O S T  . . 

S LI CE ;+ KERF, cm 



L'ow-COST,SI 'LICON SOLAR ARRAY PROJECT: . . 

. .. 

COST TO PRODUCE HIGHER EFF~CIENCY CELLS. WEI GRED AGAINST . , 

COST OF ADDED ENCAPSULATION, STRUCTURE AND VOLUME PRO- 
DUCTION, INDICATE HIGHER EFF~CIENCY CELLS TO B E  MORE COST' 

- EFFECTIVE . . 

' COST ANALYSES OF. CURRENT TECHNOLOGY SHOWED THAT.. CURRENT VI 

TECHNOLOGY' IS ABOUT .AN ORDER OF MAGNITUDE TOO EXPENS IVE a 0 
' 

AT EACH PROCESS ELEMENT WHEN COMPARED TO DES I GN-TOCOST 
. . 

GOALS 
. . 

a ' ANALYSIS SHOW THAT CZOCHRALSKI INGOT GROWTH AND MULTL- 
BLADE SAW1 NG CAN RESULT I N S H E U  COSTS OF LESS THAN 830 ' : .  

PER SQUARE METER W I T H  POLYSl LICONSTARTING .. MATERIAL . INPUT.. 
. :. 

, . . .' . - . 
. .. .. . . 

' . . COSTS OF $10 PER Kl LOGRAM . . ' .  . ' .: 
.. . . . . . 

. . . . . . 



LOW-COST SILICON SOLAR ARRAY PROJECT: 
, . NATIONAL SOLAR PHOTOVOLTAIC PROGRAM' REVIEW 

E .  SEQUEIRA 
- . . . . . . . 

TASK MANAGER,. 

AUGUST 1976 



The overall ob3ectives of Task 5 are t o  provide ERDA ( L ~ R c )  with 11.U. 
megawatts of solar ce l l  modules over the next ten-year period and t o  advance 
the state-of-the-art technology t o  effect a price reduction in the cost of 
solar cellmflules. I n  addition, the experience acquired i n  these act ivi t ies  
w i l l  be utilized t o  assis t  in  the technology developnent of other LSSA tasks. 
The 1976 objective i s  t o  provide ERDA (L~RC) with approximately 170KW of 
solar c e l l  modules. . 

The approach.used t o  accomplish the objectives was t o  in i t ia te  a series 
of procurements wi th  each consecutive procurement reflecting increased module 
quantities. The f i r s t  procurement was for a t o t a l  of 4 6 ~ ~  and i s  approxl- 
mately 65$ completed. Module deliveries are contracted w i t h  the following 
companies : 

Solar Power Corporation lm 
Solarex Corporation lOKW 
M 7  International 3KW 
Spectrolab, Inc. 10I(W 
Sensor Technology, Inc. 8Kw 

A similar multiple-contracts approach was used t o  procure a second block of 
modules totaling 130KW with the exception that  a two-month period w i l l b e  
devoted t o  design and development. 

. ! 

The Task 5 status shows that qualification nodules have been received 
from'al.1 contractors, environmental tes t s  have been conducted a t  contractors' 
f ac i l i t i e s  and a t  JPL, and 2 8 ~ ~  of solar ce l l  modules have been delivered 

: t o  LeRC fo r  the ERDA Demonstration Program. . ' . . 
. . 

Negotiations for  the *rocurement s of 130KW w i t h  the selected' contractors 
is. complete. Beginning of the design effort has .started by some of the 

... . . contractors and it i s  anticipated that a l l  contracts w i l l  be underway by'the 
f i r s t  week. of August 1976. . . . . .  . 



LOW-COST SILICON SOLAR . A R R A Y '  . . 

LARGE SCALE PRODUCTION 

AGENDA 

' @ . OBJECTIVES. . . 

@ APPROACH 

@ CURRENT STATUS 

.. : .' 

SCHEDULES 

'e. PROBLEMS ENCOU~~TERED 

PROJECT . 

TASK 

e SUMMARY 



LARGE SCALE PRODUCTION TASK, , '  . . 

OV,ERALL OBJECTIVES: . . '  . .  , ,.' . . ' 

. . 

. . 

.'. PROVl DE 11.11 MEGAWATTS OF SOLAR CELL MODULES TOERDA FOR : ',: 
THE TEST AND DEMONSTRATI ON PROGRAM OVER THE NEXT 10 YEARS , ' '. . '  

. . 

. : . 

ADVANCE STATE-OF-THE-ART TECHNOLOGY AND EFFECT A PRI CE ' . . . . 

REDUCTI ON I N THE PROCUREMENT OF SOLAR CELL MODULES ' 
, . . . 

UTILIZE THE EXPERIENCE ACQUIRED TO ASSIST I N  THE TECHNO LOG^ ; 1 , . ' '  

. . DEVELOPMENT .OF OTHER LSSA TASKS. " .  . . .. . 

. . . . 
. . 

. . 

. . 1976 OBJECTIVE ' . . . . 



LOW-COST S I L I C O N  SOLAR ARRAY P.ROJECT . . 

' CURRENT STATUS. . . . . . .  

' <  . . 
, . 

, , 46 K'N PROCUREMENT 

. '  KW CONTRACTORS . . - . . 

.. . 

SOL4R POWER CORP. : 1 5  . . 

. . 

' . . .  M7 I NTERNATI ONAL' ' . , 
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Abstract  

The Tes ts  and Applicat ions Pro jec t  is one of s eve ra l  i n t e r r e l a t e d  p ro j ec t s  
making up t h e  ERDA National Photovol ta ic  Conversion Program. Object ives  of t h e  
Tes t s  and Applicat ions P ro j ec t  a r e  t o  conduct t e s t s ,  demonstrations, and evalua- 
t i o n s  of photovol ta ic  systems and subsystems i n  app l i ca t i ons  having na t iona l  s ig -  
n i f icance .  Experience and information gained through t h i s  p ro j ec t  w i l l  be used t o  
eva lua te  emerging systems technology, provide systems-related guidance t o  t h e  other  
p r o j e c t s  of t he  na t iona l  program, and develop information f o r  fu ture '  photovol ta ic  
program planning. 

During t h e  p a s t  six months, p ro j ec t  e f f o r t s  have emphasized a number of imple- 
mentation a c t i v i t i e s  i n  add i t i on  t o  p a r t i c i p a t i o n  i n  ERDA program planning. Systcms 
have been designed and fabr ica ted  t o  u t i l i z e  s o l a r  c e l l  modules from t h e  JPL 46 kW 
procurement. About 25 kW of these  modules have been de l ivered  s i n c e  April .1976. 
Over 5% kW have now completed processing and a r e  i n s t a l l e d . i n  var ious  f i e l d  tests. 
The remaining modules a r e  i n  var ious  processing s t ages ,  such' as :  cha rac t e r i za t i on  
sampling, panel assembly, a r r a y  c a l i b r a t i o n ,  shipping., e t c  . I d e n t i f i c a t i o n  and im-  
plementation of SIGA systems f o r - f i e l d  t e s t i n g  has  a l s o  been n major e f f o r t .  Other 
work has  been concerned wi th  improvements t o  LeRC s o l a r  c e l l  measurement f a c i l i t i e s  
and hethods a s  we l l  a s  t h e  i n i t i a t i o n  of endurance t e s t i n g  of s o l a r  . c e l l  modules 
materials. Pro j  ect-to-project inte\rfacing has occurred ex tens ive ly  wi th  JPL, Sandia, 
and DoD on a v a r i e t y  of t o p i c s  r e l a t ed ,  t o  modules, app l i ca t i on  planning, and system 
des ign  and support. 

Spec i f ic  a c t i v i t i e s  i n  each of t h e  major subpro jec t s  "follow. 

"Applications" Subpro j ec t  

cons t ruc t ion  of phase IA of -,the Photovol ta ic  System Test  F g c i l i t y  a t  LeRC has , 

proceeded on schedule. The con t ro l  cen t e r  i s  now opera t iona l .  Array f i e l d  prepara- 
t i o n s . a r e  nea r ly  .complete f o r  providing 10  kW of capaci ty .  A l l  wir ing between t h e  
f i e l d  and con t ro l  cen te r  is  In place. Lead-acid b a t t e r i e s  f o r  s to rage  and two t j pca  
of i n v e r t e r s  f o r  power condi t fon ,have been,. i n s t a r l e d  :as  well;, i i ; ~ b 9 y ~  1 .5  kW of so la r -  
ce l~ 'modu1es  have been i n s t a l l e d  5x1 t h e  f i e l d  ant1 i n i t i a l  .$yst~&:.~%@lo'ratory c e s t ~  
involving t h e  u t i l i t y  feed-back mode-of system opera t ion  have b e e n ' i n i t i a t e d .  An 
a d d i t i o n a l  8.5 kW of modules f rom-the  JPL 46 kW buy w i l l  be i n s t a l l e d  a s  they a r e  
a v a i l a b l e  f o r  t e s t i n g  of system conf igura t ions  up t o  1 0  kW. Plans and prepara t ions . .  
f o r .  expansion of t h e  f a c i l i t y  capac i ty  beyond 10  kW's i s  a l s o  underway. 

Res iden t i a l  t a s k s  a c t i v i t i e s  have involved completing the  two 6-month system ' 

.experiment d e f i n i t i o n  con t r ac t s  with.GE and Martin-Marietta. These con t r ac t s  wcre t o  
s tudy and recommend photovol ta ic  r e s i d e n t i a l  systems, s i t i n g ,  and test requirements 
f o r  up t o  e igh t  reg iona l ly  s i t e d  experiments. These s tud i e s ,  based on t h e  considera- 
t i o n  of use  of cu r r en t  technology components, have been completed and f i n a l  r e p o r t s  
a r e  being prepared. Design and prepara t ion  of cons t ruc t ion  drawings f o r  one residen- 
t ia l  test u n i t ,  planned f o r  s i t i n g  a t  LeRC, a r e  a l s o  near ly  complete. Other res iden-  
t i a l  a c t i v i t y  has  involved t h e  development of photovol ta ic  . r e s i d e n t i a l  test implementa- 
t i o n  s t r a t e g i e s  and plans.  

Special  and Governmental Application (S/GA) development has  focused on th ree  
a c t i v i t i e s .  F i r s t ,  t he  design,  assembly, and deployment of small "mini-applications" 



Two photovoltaical ly  powered small r e f r i g e r a t o r s  have been assembled and deployed 
t o  I s l e  Royale National Park, Michigan and t h e  ~apa 'go  Indian Reservation, Arizona, 
respec t ive ly .  Publ ic  information news r e l eases  thus  f a r  have generated many ,in- 
q u i r i e s  both na t iona l ly  and fore ign  (Austral ia ,  Japan, South Afr ica ,  e t c . ) .  Other 
mini-applications,  such a s  water pumping, a r e  being developed f o r  deployment i n  the  
next 2-4 months. 

A second SIGA~act iv i ty  has involved implementation of cost-shared t e s t s  of 
photovol taic  appl ica t ions  re levant  t o  near-term needs of user-agencies of govern- 
ment. Agreements have been reached with t h e  National Weather ' s e rv i ce  (NWS) f o r  
t e s t s . o f  photovol taic  systems t o  power six remote automated m,eteorological observa- 
t i o n  s t a t i o n s  (RAMOS) which NWS is  developing. NUS expects t o  deploy seve ra l  hundred 
such systems throughout t h e  U.S. (many,in remote a reas )  over t h e  next s eve ra l  years ,  
Solar  c e l l s  appear t o  be a t t r a c t i v e  f o r  powering many of these  s t a t i o n s .  Two systems 
.are a l s o  being fabr ica ted  f o r  use  by t h e  U.  S. Fores t  Service on f i r e  lookout towers 
i n .  Cal i forn ia  . 

t < The t h i r d  S/GA a c t i v i t y  ha; involved t h e  i d e n t i f i c a t i o n  of new. app l i ca t ions  i n  
government through mailings of a desc r ip t ive  brochure. The purpose of t h e  mail ing 
has been t o  s o l i c i t  o thers  f o r  needs i n  order  t o  i den t i fy  a wide range of p o t e n t i a l  

' app l i ca t ions  f o r  development of photovoltaic  systems t h a t  can be cos t -e f fec t ive  i n  .' 

t h e  near term (by 1986). Two mailings (800 each) have e l i c i t e d  . a  very encouraging 
i n t e r e s t  and response. These responses are now i n  t h e  process of followup and evalu- 
.a t ion. 

. . . . . . ,  ' .  . .  : . . . . . . . . .. . _ ..., _, . .  . . . . 
Approximately 25 ktJ of t h e  i n j . t , i a l  JPL 46 kW procurement of su'lar c e l l  modules 

has  been a l loca ted  f o r  DoD appl ica t ions .  Arrays of t hese  modules have been designed 
and a r e  now being fabricated, .assembled,  and shipped t o  MERADCOM a t  F t .  Belvoir,  
Vi rg in ia ,  t he  designated DoD coordinat ing organizat ion.  

. . 

"Device and Performance and' Diagnost Scs" 

A 'second workshop on t e r r e s t r i a l  photovoltaic measurements w i l l  be held i n .  
Baton Rouge, Louisiana, November 10-12, 1976. The rime and p lace  a r e  adjacent  t o  
t h e  IEEE Photovoltaic S p e c i a l i s t s  ~ o n f  erence. Three main top ic s  w i l l  be covered: . ' 

(1) t e r r e s t r i a l  sunl ight  and its e f f e c t  on s o l a r  c e l l  performance; (2) s o l a r  simula- 
t i on ;  and (3) techniques f o r  c e l l  and a r r ay  measurement and standard c e l l  ca l ib ra t ion .  

I n  an  e f f o r t  t o  determine t h e  s e n s i t i v i t y  of s o l a r  c e l l  performance t o  a range 
of atmospheric condit ions and in so la t ion  components, an in so la t ion  measurement: 
f a c i l i t y  has been s e t  up. The approach is  t o  measure.the in so la t ion  using a s o l a r  

, c e l l  and a black body de tec tor  i n  each of severa l  d i f f e r e n t  o r i en t a t ions .  Detectors 
a r e  i n  place i n  severa l  o r i en t a t ions  (hor izonta l ;  horizontal-shadow banded; inc l ined ,  
.3T0 above hor izonta l ,  e t c . ) .  The da ta  acqu i s i t i on  system is nearing completion and 
. w i l l , b e  opera t iona l  i n  l a t e  summer. 

The c e l l  measurement f a c i l i t y  has been automated with a HP 9830 ca lcu la tor -  
' i n t e r f a c e  bus system. I-V curves,  s p e c t r a l  response curves,  c e l l  dark forward I - V .  
c h a r a c t e r i s t i c s  and c e l l  Voc-Is, c h a r a c t e r i s t i c s  can be r ead i ly  obtained. The d a t a  
.is acquired,  ca lcu la t ions  made and r e s u l t s  presented or  p lo t t ed .us ing  . the  9830. 
During the  l a s t  s i x  months, over 1500 measurements were made f o r  about 40 d i f f e r e n t  
organizat ions.  



I n  p a r a l l e l  with performing m'easurements f o r  inves t iga t ions ,  an  on-going 
ca l cu la t ion  and experimental a c t i v i t y  has been addressing re ference  condit ions 
and methodology. These include t h e  v a r i a t i o n  of standard cell ca l ibra t ion ,  
c o e f f i c i e n t s  with atmospheric condit ions and the  e r r o r  ' i n  ' c e l l  measurements 
introduced by s p e c t r a l  mismatch between sunl ight ,  sfmulator,  t e s t  ' c e l l s ,  and 
standard c e l l s . ,  . 1 

To da te ,  54 in te r im reference  c e i l s  have been ca l ib ra t ed  and d i s t r i b u t e d  ' . 
t o  17 organizat ions.  Both s i l i c o n  c e l l  and cadmium s u l f i d e  c e l l  s tandards have 
been del ivered.  The c a l i b r a t i o n  c o e f f i c i e n t s  a r e  af f  ected by atmospheric water 
vapor content (up t o  about 5%) and to  a l e s s e r  ex ten t  by. t i i rbidiry,  An updated. ; 
standard c e l l  ,holder  has been designed and procurement of ma te r i a l s  f o r  i t  is i n  
progress.  The main lmprotrement is t he  f i e l d  of view which .a l lows t h e  c e l l  to  be 

< used i n  any 6r learar ion .  
/' I ' 

' '  . 

During the  l a s t  s'& months, over '2600 modules from t h e  46. kW ERDA./JPL buy 
have been del ivered t o  Lewis. Th i s . r ep re sen t s  near ly  half  of ..the'moijule$ and 
well  over ha l f  of t he  po%er of t h e  46 kW order .  Measuzemen'ts have "been' made 
(I-V) on about 13% of t h e  modules. A pulsed s o l a r  simulator has been i n s t a l l e d  
and i's opera t iona l  with a  t a r g e t  a r ea  32'' . in  diameter. A l a r g e r ' a r e a  (5'  x  9 ' )  
w i l l  soon be ava i lab le .  Module and . a r r ay  measurements can a l s o  be'made. outdoors 
using t h e  HP ca l cu la to r  system. Temperature and i r r ad i ance  . a r e  'measured :and - 

correc t ions  made. 
- 

A prototype i ~ s o l a t i o n  measurement . instrument has 'bee0 designed, and. f  ab r i -  : 
cated. ,  . The instrument is s e l f  -contained and uses  a ,silic,on .solar  ,=ell. a s  a  
sensor.  F ie ld  instruments a r e  being made f o r  d i s t r i b b t i o n ' . t o  a v a r i e t y  of test 
s i t e s .  These include a l i  app l i ca t ion  sites £,or t h e  '46 kq. buy a n d  a i l  -endurance - . . t es t i i lg  s i t e s .  . . 

. . 

"Endurance - ~ e s t i n g "  - . . . . .  

Endurance t e s t i n g  is now i n  progress a t  commercial : t e s t i ng -k i t e s  i n  F lor ida ,  
Arizona and Puerto Rico. . Both r e a l  time and acce lera ted  t ,est& a r e  i n  progress,- '  
with t h e  acce lera ted  t e s t s  only a t  t h e  Arizona sire. Present ly ,  solar c e l l s ' a n d  
modules a r e  being t e s t ed  and.,plans f o r  te 'st ing var ious  module components a r e  being 
developed. I .  

-. 
n .  

. . 

During the  pas t  s i x  months, p ro jec t   effort,^ have emphasized implementation of 
plans previously developed. I n  t h e  next s i x  months, completion.of t a sks  s t a r t e d ,  
such a s  deployment t o  f i e l d  t e s t s  of t h e  ba l ihce  of t he  modules' from. $he' 46 kW JPL 
procurement, w i l l  be ca r r i ed  out .  1n t h i s  same period an expanding~,ef$ort w i l l  be 
appl ied t o  i d e n t i f i c a t i o n  and implementation of S/GA o p p o r t u ~ i t i ~ s  r e s u l t i n g  krom 
brochure leads  and o ther  t h r u s t s  now being developed. These .e f for t s ,p lus  t he  t e f ine -  
ment of ex i s t i ng  plans and t h e  development of new pro jec t  plans,  d i r e c t i o n s ,  and 
intermediate  goa ls ,wi l l  be addressed t o  insure  maximum bene f i t  of t h e  p ro j ec t  t o  t h e '  . . 
na t iona l  program. 
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PROJECT OBJECT1 VES 

APPLICATIONS 

- STIMULATE ~ A R L Y  MARKETS FOR ~ O L A R  CELLS BY OPERATING 
f 

SYSTEMS I N  SPECIAL NEAR-TERM APFLI CATIONS 

APPLI  CAT I OElS WITH SIGN I F I  CANT NATIONAL ENERGY DEMAND 1 
DEVICE PERFORMANCE AND DIAGNOSTI CS : i 

- ESTABLISH AND MAINTAIN METHODS FOR MEASUREMENT OF SOLAR 

CELL ' PERFORMANCE 

. ' - PROVIDE DIAGNOSIS OF .SPECIAL SOLAR CELL AND ARRAY PROBLEMS 

ENDURANCE' TESTING 

- PERFORM REAL T I  ME AND ACCELERATED ENVIRONMENTAL TESTS 

OF . SOLAR CELL ARRAYS AND MATERIALS 



PROJECTEFFORTSS INCE JANUARY HAVE EMPHAS IZED : 

- DESIGN AND FABRICATION OF SYSTEMS TO UTILIZE MODULES 

FROM JPL 46 KW PROCUREMENT , . 

- RECEIPT, PROCESSING,. ASSEMBLY, AND SH IPMENT OF 4 6  KW 

ARRAYS FOR SYSTEM TESTING 

- IDENTIFICATION AND IMPLEMENTATI ON OF S/GA SYSTEMS FOR 

FIELD TESTING 
. . 

.. , . . 

- 'IMPROVEMENTS TO MEASUREMENT FACI LITI ES AND METHODS 

- I N I T I A T I O N  OF ENDURANCE TESTING 

- PLANNING' AND IMPLEMENTATION ACTIVITIES RELATED TO JPL 
. 

1 3 0  KW BUY 

- PARTICIPATION I N  ERDA PROGRAM PLANNING ACTIVITIES 





APPLI CAT I OMS 

SYSTEM TEST FACI LITY 

PROGRESS: (PHASE I A  - 10 KW) 

1. ARRAY FIEUI  PREPARATIONS NEAR COMPLETION 

2. 1.5KWOFMODULESINSTALLED. 8.5KWADDITIONAL 

TO BE INSTALLED (BASED ON 46 KW ALLOCATION, DELIVERY 

AND TEST REQU I REMENTS 

3. CONTROL CENTER OPERATIONAL . . 

4. STORAGE AND POWER CONDITIONING EQUIPMENT I N  PLACE 

5. SYSTEM TESTING I W ITIATED ON UTI LITY FEED-BACK MODE 
. . 

6. PLANS AND PREPARATIONS FOR FACILITY EXPANSION BEYOND 

10 KW UNDERWAY 



SOLAR CELL ARRA 
. PHOTOVOLTAIC SYSTEM TES 

INSTALLATION FOR - 
FACILITY AT LERC - 



APPLI CATIOMS 

RESIDENT I AL SYSTEMS 
. . 

PROGRESS : 

, 1. FINAL REPORTS I N  PREPARATION FOR SYSTEM AND 
. . .  

EXPERIMENT DEFINITION S T U D I E S Y Y ,  GE AND. 

MART I N-MAR I ETTA 
. . 

. * CONSIDERED PRESENT TECHNOLOGY ONLY 
. . 

2'; ' CONSTRUCT I ON DRAW I NGS NEAR COMPLETION FOR , LERC 
. . 

. . 
I . 9 

RESIDENTIAL TEST UNIT . .. . a ,  

. . . t,. 

- . 3 .  . LONG RANGE RESIDENTIAL PLAN LEADI:NG TO 
. . .  . .. . 

'DEMONSTRATI orism'' I H PREPARATION.. ', .'.. 











IN OPERATION AT THE FESTIVAL OF AMERICAN FOLKLIFE - WASHINGTON, DI -CI.' 



PHOTOVOLTAIC POWERED REFRIGERATOR 
AT WILDERNESS TRAIL CONSTRUCTION CAMP - ISLE ROYRLE NATIONAL PARK - MICHIGAN 
- -- - - - - - - 



PHOTOVOLTAIC POWERED REFRIGERATOR 
AT PIEPAGO INDIAN VILLAGE OF SIL NAKYA, ARIZONA 



P/V POWERED REFRIGERATOR 

.. NEWS RELEASE . . ,  
. L 1 .  

. I N Q U I R I E S  . . 

ENGLAND 

JAPAN 

GHANA . '  
. . 

. . . .. . 

' . SOU.TH AFRICA .. 

UN I TED STATES. 

. . 
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M E A S U R E M E N T S  ' F O R  T E R R E ' S T R I A L  A P P L I C A T I O N S  

. . 

- D A T E :  N O V E M  B E R  1 0 - 1 2 ,  1 9 7 6  
. . 

- L O C A T I O N  : B A T O N  R ~ U G E . ,  L A  ; '  H I L T O N  AT C O R ' P O R A T E  S Q U A R E .  
ul - P R O P O S E D  A G E N D A  : . : , " ' .  . . . 4 VI 

N O V ,  10 - T E R R E S T R I A L  S U N L I G H T  A N D  I T S  E F F E C T  O N '  
. . 

S O L A R  C E L L -  ' P E R F O R M A N C E  ' 

' N O V .  11 - S O L A R :  . . S I M U L A T I O N  . . . 

N O V .  1 2 ' -  T E C H . N l Q U E S  F O R  CELL A N D  A R R A Y  M E A S U R E -  
. . . . 

A N D  S T A N D A R D  CELL C A L I  B R A T I O N .  



- PURPOSE: 

- DETERMINE SENSITIVITY OF SOLAR 'CELL PERFORMANCE TO A RANGE OF ATAIOSPHERIC 

CONDITIONS 
- COMPARE PERFORMANCE O F  'SOLAR CELLS AS SENSORS w KH PYRANOMEFER AND 

PY RHELIOMETERS 
- DETERMINE SENSITIVITY OF SOLAR CELL TO EACH INSOLATIOIi COMPONEM 
- VERIFY CONCLUSIONS OBTAINED FROM ATMOSPHERIC MODELLING 

- HOURLY INTEGRATION OF INSOLATION RECEIVED BY SOLAR CELLS AND BLACK BODY 
DETECTORS I N  1DENTlCAL ORIETVTATIONS I S  BEING OBTAINED. 

- SENSOR ORIENTATIONS:. 

- HORIZONTAL - INCLINED,, . . 37 . ABOVE NORIZONTAL 

- HORIZONTAL, SHADOW BAND - , INCUNED, 60 ABOVE HORIZONTAL 
. . - COLLIMATED, SUN TRACKING 

- INFLUENCE OF WATER VAPOR TURBIDITY; CLOUD COVER, SUNLIGHT COMPONEM 

AND ORIENTATION WILL BE DE~ERMINED 



- O V E R  1500 I N D I V I D U A L .  M E A S U R E M E N T S  M A D E  I N  L A S T  ' 

. . 

6 M O N T H S .  

. -  M E A S U R E M E N T S  R E Q U E S T E D  B Y  A B O U T  40 O R G A N I Z A T I O N S  
I N C L U D I N G :  . 

J P L  U .  O F  D E L A W A R E  m 
4 

S O L A R E X  S M U .  4 

S P E C T R O L A B .  , M I T  
. . 

S O L A R '  P O W E R  C O R P .  T I  

S E N S O R  T E C H N O L O G Y .  M O B I L - T Y . C O  

R C A  



S O L A R  CELL  M E A S U R ' E M E N T  F A C I L I T Y  

- M E A , S U R E M E N T S  A V A I L A  BILE : 

- N A T U R A L  S U N L I G H T  
. - CELL  C A L I  B R A T I O N  ( C O L , L I M A T E D :  W I T H  N I P  

- CELL I-V, T E M P E R A T U R E  C O N T R O L L E D  

- C E L L - I - V ,  T  A N D  I N T E N S I T Y  C O R R E C T E D  

- L A B O R A T O R Y  
2 - X e - A R C  SOURCE, C E L L  I - V ,  '1 Ft. A R E A  

- T U N G S T E N  L A M P  (ELHI , '  C E L L  I - V ,  4" X 4" A R E A  

- CELL D A R K  F O R W A R D  ' I - V  C H A R A C T E R I S T I C  

- CELL  V,,-I,, C H A R A C T E R I S ' T I C  . . 

- 9 - P O I N T ,  FULLY A U T O M A T I C  S P E C T R A L  RESPO.NSE! 

Q U A N T U M  Y I E L D  . M E A S U R E M E N T  
- 1 8 - P O I N T ,  S E M I A U T O M A T I C ,  S P E C T R A L  R E S P O N S E :  

Q U A N T U M  Y I E L D  S Y S T E M ,  W I T H  'WHITE L I G H T  B I A S  



A V E R A G E  E R R O R  IN  S H O R T - C I R C U I T  C U R R E N T  

F O R  D l  F F E R E N T  S I M U L A T O R S  . 
. . 

( 1 2  S O L A R  C E L L S  - 2 - 0 1  S T A N D A R D @ A N I I )  

J 

S IM'ULATOR 

X E N O N  

Q U A R T Z - H A L O G E N  

ELH 

A V E .  E R R O R  (%I  

0 . 9 % '  

R A N G E  (%I  
- 

- 3 . 4  --: + O .  5 

. . 

7. 2%'.: . . 
. . 

2 . 3 %  

- 2 1 . 5  - - -  + 9 .  8 

-5.4 - - -  t 2 . 9  



- 5 4  I N T E R I M  R E F E R E N C E  C E L L S  C A L I B R A T E D  P.ND D I S T R I B U T E D  

T O  17 O R G A N I Z A T I O N S  I N C L U D I . N G :  

J P L  M E R A D C O M  S E N S O R  T E C H N O L 0 G . Y  

S O L A R E X  U. O F  D E L A W A R E  S P E C T 3 O L A B  

M - 7  M I T R E  a S O L A R  P O W E R  C O R P .  

O C L l  S A N D I A  

- C A L I  B R A T l O N  C O E F F I C I E N T S  A F F E C T E D  B Y :  

- A T M O S P H E R I C  W A T E R  V A P O R  - S T R O N G  

- T U R B I D I T Y  - M O D E i R A T E  

- C O ' L L I M A T I O I V  R A T I O  - W E A K  

- U P D A T E D  R E F E R E N C E .  
- N O  W A L L  S H A D O W I N G  '( < .0.'1%)'. 
- P L A N A R  W I N D O W  ' 

- W I T H S T A N D S  T E M P E R A T U R E  C Y C L I N G  t4.0 - - 2 5 %  

- I N E X P E N S I V E  



M O D U L E  A N D  A R R A Y  M E A S U R E M E N T  F A C I L I T I E S  A V A I L A B L E  A T  L E W I S  

L A B O R A T O R Y  - P U L S E D  S O L A R  S I M U L A T O R  
. .  3 2 "  D I A .  B E A M  (5' X 9 '  I N  A U G U S T )  

M A X .  ' VOsC - '  100 V O L T S  
. . 

ROOM TEMP. - l o o  r n ~ t c m 2 ,  
. - 

O U T D O O R S  - T E R R E S T R I A L  S U N L I G H T  
TEMP. A N D  I R R A D I A N C E  M E A S U R E D ,  

I - V  C U R V E  C O R R E C T E D T O  S T A N D A R D  C O N D I T I O N S  
. .  . . 

( 1 0 0  rn  WICM ', ' 28' C )  
M A X .  V O L .  =: 9 0  V O L T S  ( 6 0 0  V '  I N  S E P T E M B E R ) '  

D A T A  ACQUIS IT ION,  C A L C U L A T I O N S  A N D  O U T P U T  

A U T O M A T I C  - (H'P 9 8 3 0 )  

S O L A R  C E L L S  . , 



M O D U L E  STATUS FOR 4 6  K'JV B U Y  

NUMBER NUN, BER A V E R A G E  
M A N U F A C T U R E R  RECElVED M E A S U R E D  POWER ( W )  

M -7 3 0  19 5.06 

SENSOR TECHNOLOGY 79 1 9 6  5. 73 

SOLAREX 897  1 3 6  9. 2 4  

SOLAR POWER 73 7  80 ; 13. 81 

SP.ECTROLAB 189 25 - 5.106 



P U R P O S E :  T O  O B T A I N  I N S O L A T I O N  D A T A  A T  T E S T  

S I T E S ,  T O  P R O V I D E  D I R E C T  I N P U T  T O  A R R A Y  

, S I Z I N G  C A L C U L A T 1 : O N S  A N D  T O .  P R O V I D E  A D A T A  

B A S E  NOT D I R E C T L Y  AVAI I -ABLE IN T H E  CLIMATIC 

A T L A S . .  

T E S T  L O C A T I O N S  :..  . . 

- A L L  APPLICATION S I T E S  F O R  46 K W  P R O D U C T I O N  

- A L L  E N D U R A N C E  T E S T I N G  S I T E S  

- N E W  L O C A T ! O N S  A S  D E V E L O P E D  



- .  

I N S O L A T I O N  . .MEASUREMENT INSiTR:UMEKT P A C K A G E  

- SENS.0.R - -  SILICON S O L A R  CELL, I N C L I N A T I O N  V A R I A B L E  

W-H' r .  I N T E R N A L  ~ o - ~ w - H ~  - R E A D O U T  S E N S I T I V I - T Y  . . 0 .  1 -7 SEMSITI,,ITy ,T 

. . 
M M 

. . - .  READOUT - -  6 , PLA.CE"DIGITAI-  METER ; 
0 - 3  V T . 0  0 - 5  V  A N A L O G  

.-. A C C U R A C Y  --  .< '1% 

-- ' A B S O L U T E  A C C U R A C Y  --  + 5% ( S E N S O R  L I M I T E D ,  B L A C K  '. - 
" .  - 1 

BODY REFERENCE) 

-. O P E R A T I N G  TEMPER-ATURE RANGE - -  + 30 TO - 2 0 ~ s ~  

- POWER S U P P L Y  --  A N Y  1 2 - 2 0  VOLT DC SOURCE 

- CUR RENT. .DR,A IN - -  :I0 ' m  A .  
. ' 



' .ERDAl NASA-LEVA S 
EXPOSURE TESTING OF SOLAR 

MODULES, ARRAYS AND MATERIALS 

SITE TEST TYPE " '  . SAMPLE SIZE - START TIME , 

MIAMI, FL REAL TIME ANY I N  PROGRESS 

MIAMI, FL REAL TIA4E, ANY ilN PROGRESS 
. ' SALT ENVlRONMElJT 

POMPANO BEACH, R REAL TIME ' . ANY I N  PROGRESS 

PUERTO . RI CO . -  REAL TIME ANY :IN PROGRESS 
PHOENIX, A Z  REAL T I M E  . . ANY 1N PROGRESS 

PHOENIX, A Z  , ACCELERATED 5" X U P  TO 55" IN  PROGRESS 
PHOENIX, A Z  

CLEVELAND, OH 
AIR POLLUTION , 

CONTROL, CTR. 

CLEVELAND, OH 
NASA-LeRC 

CLEVELAND OH 
, - N A S A - ~ e f k  : 

ACCELERATED . ' 

REAL TIME 

ACCELERATED . , , 

U P  TO 15" X 96" EARLY ' 7 7 ,  
4' X 8' TEST OCT. '76 

BEDS 
. . 

4' X 8' TEST OCT. '76 
BEDS . . . 

LESS' THAN. SEPT., '76 
2.5" x i l u  



PROJECT' .PLANS' '(NEXT"6 MONTHS) 

- EXPAND S/GA IDENTI F I  CAT1 ON AND IMPLEMENTATION 

ACTIVITIES 

- COMPLETE DEPLOYMENT TO FIELD TESTING OF ALL 46 KW 

MODULES 

- BEGIN IMPLEMENTATION OF SYSTEMS PLANNED FOR 130 KW 

MODULES 

- IMPLEMENT MEASUREMENT REVISIONS DEVELOPING. FROM 

N0VET"IBER ' 76 WORKSHOP AND LERC INVEST I tikl'l ONS 

- EXPAND ENDURANCE TEST1 NG . . 

- DEVELOP PLANS, D I RECT I ONS, A?ID INTERMEDIATE GOALS 

RECOMMEND1 NG .FUTURE .EFFORT RELATED TO THE PROJECT 

AND THE NATIONAL PROGRAM 



S O L A R  P H O T O V O L T A  I C F I E L D  T E S T S  

A N D  A P P L I C A T I O N S  P R O G R A M  

M A R V I N  D. POPE 
M. I .T. L l NCOLN LABORATORY 
LEXINGTON, MASSACHUSETTS 

PRESENTED TO 

ERDA 'SOLAR PHOTOVOLTA I C PROGRAM REV I EW MEET I NG 

UN I VERS IN OF MA I NE AT ORONO 
. . 

4 AUGUST 1976 



ERDA PHOTOVOLTA I C CONVER S ION PROGRAM 

General Objective : 
Promoteawidespread use of solar hotovoltajc systems in 
residential, commercial, aod mll!iary appl~cat~oins. 

Specific Ob'ect ives: 
W i  I hin 10years--- Total plant capacity; 500 Peak MU'lyear prod rate 

Array p r i ce  less than  500 $/Peak kW 
Wi th in  25 years--- Total plant capacity = Hl,~0(30 Peak MWlyr prod rate 

Array price less t h a n  100-500 $lPsak kW 
Program Elements:' 

R and D Program--- Explore a l l  technologies for PV devices that  show 
large (100x1 potential cost reduction 

Systems and Applications studies----- Determine s u i t a l e  missions and 
applications for PV systems; establish appropriat? 

' system designs 

Field Tests --------- Insta l l  and operate various types of PV systems 
vr h ich  promise to be cost-effective 

Demonstrations----- Demonstrate both technical and.economic feasibility 
of various types of PV conversion systems 



SOLAR PHOTOVOLTAIC FIELD TESTS A N D  APPLl CATIONS 

Overa l l 0 bject ives: . . 

Prov ideusefu land meaningful markets for  solar cel l  arrays 
. so tha t  sustained production & increased rate is posjible - . . 

Stimulate growth of: commerc ia l l indust r ie~ expertise re: 
design, .mfg, testing, instal lat ion, . servicing , . of . P V  systems 

. . 

Specific Objectives:. . . 

. Do detailed design, integration. test ing and evaluation of . . . 

PV systems for  selected applications 

Act as integrator for  t he  engineering- manufacturer-  
user-ut i l i ty  complex 

. I nterface w i th  other.  ERDA. Pr ime Contractors involved 

' - '  in t h e  un i f ied National Program in' ~hotovo l ta ics  
: :  . . .  8 '  . ' ' 2  



SOLAR PHOTOVOLTAIC POW E R PLANT SCHEMATIC 



APPLICATIONS AND U S E R S  

Some Issues ------- 

Ownership Responsibility for 0 and M 

Cost Sharing l nterfaces 
Physical 

Legal Liability I nstitutional 

Governmental Jurisdiction Recording of systems perf. data 



P APPLICATIONS AND USERS 

So me Cons aerations------ 

Is  Application already being exploited? Political ~ c c e p t a b i l  ity 
Environ, improvement 

Potential Capacity I rnproved use of agr icu l tu ra l  lands 
.Near te rm (1986) l mproved habitability of land 
Long term (2000) Dis?lacement of PNG fuels 

I s  there credibEe market capture- potential? Usefulness 
with 1986 cost goals l mmediately 
with 2000 cost goals Near term (1986) 

Long term (2000) 

Is  there sufficient visibil ity? Wi l l  we learn from i t?  
By being widespread Tech nicallprofessionaI communities 
By being of large unit size The Public at large 

- 
Because of great !publicity) Wi l l  pro;pective User Cosl-Share? 

I s  it technically feasible? Provida equipment 
Perform s i te  vods 

How much wi l l  it. cost? Ma,intain equipment 
Collect!Evaluate System perf data 



CONSIDER VARIOUS EVALUATION SCHEMES 

UNIFORMLY WEIGHTED SUhlS 
SEQUENTIAL Y E S -  NO DECISIONS 
LINEAR FUNCTIONS w ITH WEIGHTING COEFFICIENTS. 

. 

M A X I M U M  LIKELIHOOD ESTIMATION ON MULTIVARIATE 
D l  STRIBUTION 



PO S S I BLE SOLAR PHOTOVOLTA I C SY STEM A P PI; I CAT I ON S 

SPECIAL I REMOTE POWER SYSTEMS (I W - I IN PEAK) 

RAD I0 BEACON SYSTEM FOR L l  FE RAFTS 
SOLAR-POW ERED STREET LIGHT 
HIGHWAY TELEPHONE CALL BOX 
BEACON I COMMUNICATIONS W I T H  LOST HIKERS, HUNTERS, ETC. 
REMOTE HIGHWAY SIGN LIGHTING SYSTEM 
ARRAYS TO CHARGE RADIOS FOR EMERGENCY USE - CAMPING, H IK ING,  ETC. 
C. B. DISASTER RAD 10 NETWORK FOR SEARCH I RESCUE TEAMS 
SMALL COMMUNICATIONS TERMINALS FOR GLOBAL POSITIONING SYSTEM 
OPERATION OF MOTORS AND SMALL MACHINES IN DEVELOPING CO JNTR IES 
HIGHWAY BARRIER RASHER 

LOW POWER SYSTEMS (I to I0 kW PEAK) 

ON-BOARD POWER GENERATION FOR TETHEREC, FREE, AND SELF-POWERED BALLOONS 
PROVIDE LIGHTING FOR TRAIL  HUTS 
RESORT OR VACATION HOME POWER 
INTERMITTENT PUMPING FOR LOW-Y IELD O I L  WELLS 
TOTAL ENERGY SY STEM FOR IND I A N  SCHOOL 
REFR IGERATION S Y  STEM FOR REEFER TRUCKS AND FOOD-STORAGE COMPAN IES 



INTERMED IATE POWER SYSTEMS (10 - 500 kW PEAK) 

POWER FOR SMALL, REMOTE M l N  ING OPERATIONS 
AIRPORT RUNWAY LIGHTING SYSTEMS 
ELECTR I CAL ENERGY TRANSPORTATION SY STEMS ul 

CD 

CENTRAL POWER I STORAGE STATION CHARGING FLEET OF ELECTR I C CARS - cn 

SMITHSON IAN, CAPITAL-TO-LINCOLN MEMOR IAL, POSTAL DELIVERY, ETC. 
SOLAR-POWERED LIGHTING SYSTEM FOR WHITE HOUSE, WASHINGTON MONUMENT, 

L I NCOLN MEMOR I AL, ETC. 



PRESENT PLAN FOR FIELD TEST SYSTEMS 

CATEGORY POWER RANGE FY "77 N '7:3- '80 

Special /Re mote Syde ms 1W-lkW Peak 6 10 per year 

Low Power Systems 1 - 10 kW Peak I 5 per year 

l ntermediate Power 10 - 500 kW Peak I 2 per y r after '79 
(D 

Systems (design I I dur ing  '79 cn 

High Power Systems Greater than 500 kW - TBD. 



MILITARY APPLICATIONS O F  PHOTOVOLTAIC SYSTEMS 

ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION 

INTERAGENCY AGREEMENT NO. E(49-26)-1031 

Period of Agreement: 1 November 1976 - 30 September . I976  
. . 

Value: $596,000 

DONALD D. FAEHN 

Program Manage r  

US Army Mobi l i ty  Equipment Ressa rch  & Development  Command 

DRX FB - E 

Fort Belvoir , Virginia 22 060 

Presented  a t  t h e  Nat iona l  Solar  Photovol ta ic  Program'Review Mee t ing  

August 3 - 6,  1976 

Un ive r s i t y  of M a i n e  at Orono 

Orono,  Ma ine  04473 



MILITARY APPLICATIONS OF PHOTOVOLTAIC SYSTEMS (MAPS) 

The principal objective of the MAPS program is t o  investigate the applicability 
of solar photovoltaic energy conversion systems t o  a wide variety of military ' 

power consuming equipment. This is to  be accomplished by 'a  ~ o m p r e ~ e n s i v e  
demonstration program, involving six DOD systems with a total array peak 
power rating of approximately 90 KW. Five of these projects will be oper- 
at ional in 19 76. Initially, the smaller demonstration projects will be operated 
a t  a centralized location (Fort Belvoir, Virginia), after  which they will be 

' 

evaluated under more real is t ic  military environments. 

The outcome of this  demonstration program is expected to  facil i tate the  ear ly  
introduction of solar cell power systems t o  the anticipated substantial market 
within DOD. Wide exposure of the  attr ibutes and military potential of photo- 
voltaic energy systems and early identification and solution of technology 
problem areas  will minimize the time period required for research,  develop- 
ment, and acquisition of these systems. 

Development of the early market within DOD will accordingly expedite attain- 
ment of the  National goals .  

A previously funded study effort by MERADCOM was  completed in August 1975. 
Numerous DOD systems were identified a s  candidate p/v demonstration 
projects. These were analyzed and evaluated and the most promising candi- 
da t e s  were submitted for joint ERDA/DOD selection. Five projects (requiring 
approximately 30 KW) were ultimately recommended for the first phase of the 
demonstration program and a sixth project (60 KW) was  recommended for 
implementation in  FY 77. 

The MAPS program began 1 November 1975. The five demonstration projects, 
l i s ted i n  the accompanying Table, range in array peak power rating from 80 
wat t s  t o  12 kilowatts and similarly span a wide spectrum of nominal voltage 
and duty requirements. Each project was  selected t o  uniquely address  one 
or more p/v system/application characterist ics.  For example, a l l  systems 
will employ secondary battery energy storage but only minimal .battery 
stdrage is needed for the water p u r i f i c a t i ~ ~ p l a n t ;  rather, energy is stored 
in  the form of purified water in the  reservoir. 



111. CURRENT EFFORTS 

Engineering work on the five FY 76 demonstration projects has  been 
completed and development of these systems is nearing completion. 
The Small Battery Charger, Radio Relay System, and Telephone Communi- 
cat ions  Station are operational and are  undergoing check-out testing 
prior t o  initiation of the centralized demonstration phase,  scheduled for 
1 ~epterriber. 1976.  

The Water Purification System will become operational in October, when 
the comblete 10.8 KW array allocated t o  th i s  project becomes available. 

Siting plans are complete for the  Remote Radar, which will be located a t  
the Naval Weapons Center throughout its demonstration period, which will 
begin 1 December 1976. Electrical switchgear and dc/ac converter for . 

th i s  system are  50 percent complete. 

The Remote Island demonstration is scheduled for implementation in FY 77. 
Recommendations for siting th i s  6 0 KW photovoltaic system (which will be  
augmented by wind powered generators) have been made t o  the Military 
Applications Coordinating Committee. 

IV. FUTURE PLANS 

The centralized demonstration act ivi t ies  will be initiated a t  Fort Belvoir 
1 September 1976. 



M l LlTARY APPLICATIONS OF PHOTOVOLTAIC SYSTEMS 

INTERAGENCY AGREEMENT E(49-26) -1031 

US .ARMY MOBILITY EQUIPMENT RESEARCH - 

AND DEVELOPMENT COMMAND 

1 NOVEMBER 1975  - 30 SEPTEMBER 1976 

- .  -. . . . .  . . , - 
' DONALD 'D. FAEHN . ' .  

. - 

PROGRAM MANAGER 



PLANNED ACTIVITY - LAST SIX MONTHS 

DESIGN AND FABRICATE POWER SUPPLY SYSTEMS, AND MODIFY 
MILITARY EQUIPMENT FOR FIVE DEMONSTRATION PROJECTS 

@ PLAN SIXTH DEMONSTRATION PROJECT (REMOTE ISLAND) 

PREPARE PLANS TO EXPEDITE EARLY DEPLOYMENT OF 
PHOTOVOLTAIC SYSTEMS WITHIN DOD 



PROGRESS 

SMALL BATTERY CHARGER DESIGNED AND FABRICATED 

MILITARY EQUIPMENT OBTAINED FOR DEMONSTRATION PROJECTS 

- SENSORS 
- TRANSMIllERS/RECElVERS 
- RELAYS . 
- CONSOLES 
- TELEPHONE OFFICE 
- TRUCKS 
- FIELD TELEPHONES 
- WATER PURIFICATION PLANT : 
- RADAR SET 

MODIFICATIONS 90% COMPLETE 

PLANNING COMPLETED FOR CENTRALIZED DEMONSTRATIONS 
(FT BELVOIR) 

SITE RECOMMENDED FOR REMOTE ISLAND PROJECT . 

PLAN PREPARED FOR EXPEDITING EARLY DEPLOYMENT OF SOLAR 
CELL POWER AT MILITARY TEST SITES . 



PLANNED ACTIVITY - NEXT SIX MONTHS 

. INITIATE CENTRALIZED DEMONSTRATION ACTIVITIES - SEPTEMBER 1976 

- SMALL BATTERY CHARGER 
- RADIO RELAY SYSTEM . 

- TELEPHONE COMMUNICATIONS STATION 
- WATER PURIFICATION (OCTOBER 76) 

INITIATE REMOTE RADAR DEMONSTRATION AT NAVAL WEAPONS CENTER 
(NOVEMBER 76) 

DESIGN REMOTE ISLAND PROJECT 

PLAN FIELD DEMONSTRATIONS AT OTHER MILITARY INSTALLATIONS 

- SMALL BATTERY CHARGER 
- RADIO RELAY SYSTEM 
- TELEPHONE COMMUNICATIONS STATION 

INVESTIGATE MILITARY TEST SITE APPLICATIONS 



RELATED PROGRAM 
M IllTARY MARKET INVENTORY ANALYSIS 

(SPONSORED BY THE FEDERAL ENERGY ADMlINISTRATION) 

- TO PROVIDE AN ESTIMATE OF MARKET VOLUME VS PRICE 

, EMPHASIS ON NEAR TERM MARKET 

: IMPACT OF COMBINED PHOTOUOLTAIC/THERMAL SYSTEMS 

TECHNOLOGY TRANSFER TO OTHER GOVERNMENT AND PRIVATE SECTORS 



E R D A  



CO~CENTRATOR DEVELOPMENT TASK 
OF THE 

ERDA PHOTOVOLTAIC SYSTEMS DEFINITION PROJECT* 

Donald G. Schueler 
Sandia Laboratory 

Albuquerque, New Mexico 87115 

One of the tasks of the ERDA Photovoltaic Systems Definition 
Project, managed by Sandia Laboratories, is to investigate the 
use of solar collectors which concentrate sunlight onto solar 
cells as a means of improving the overall cost effectiveness 
,of terrestrial photovoltaic power systems. Concentration pro- 
vides a possible means of reducing near-term array costs to the 
$2000 - $5000 per peak kW range. Such near-term cost reduction 
of photovoltaic arrays may open significant new and early markets 
for photovoltaic power systems and stimulate the growth of the 
commercial photovoltaic industry. In the long-term (1986 and 
beyond), concentration may'continue to prove cost-effective even 
with solar cell costs in the $50/m2 range.  For example, no1.1- 
tracking, low concentration ratio hollow trough compound para- 
bolic collectors integrated into low-profile silicon sheet arrays 
may provide significant cost advantages by reducing the required 
amount of cell area, improving the array packing factor, and 
improving the solar cell conversion efficiency over one-sun 
operation. 

The present'approach to photovoltaic-concentrator development is 
to.investigate both basic performance of system components as well 
as system-level considerations. Solar cells which have high power 
conversion efficiencies at high sunlight intensity and elevated 
temperature are being studied.. Both.single cr.ysta1 silicon and . 
s'ingle crystal gallium arsenide solar cell technologies are being 

* This work sponsored by the Energy Research and Development 
' Administration . 



developed and evaluated. The cost and pe.~formance of a variety 
0% concentrator technologies is being studied, as well as solar 
cell cooling methods and the potential of combined electrical 
and. thermal conversion total energy systems. Several prototype 
concentrator arrays having peak output in the 100 We to 1 kWe 
range are currently being constructed for performance evaluation. 

The technical work of this project is being performed primarily 
by contract to industry, universities, and other government 
laboratories, with some complementary and supporting work per- 
formed at Sandia Laboratories. The attached visual aid material 
provides an overview of the project objectives'and milestones 
and a status report of the current technical work. 



PHOTOVOLTA [ C-CONCENTRATOR DEVELOPMENT 

OBJECTIVE - 

IMPLEMENT COST RZDUCTION BY REPLACI'NG SOLAR CELL AREA 
WITH LOWER COST 3EFLECTIVE OR REFRACTIVE !UTERIALS 

APPROACH - 

SOLAR ENERGY AVAILABLE TO CONCENTRATINIS COLLECTORS 

0 PERFORMANCE OF SOLAR CELLS AT HIGH ILLUMIN.4TION INTENSITY 

SYSTEM CONS IDERATI ONS AND DESIGN TI?AJE.OFFS' 

PROTOTYPE CONCEKTRATOR ARRAY EXPERL MENTS 





PHOTOWLTA I C-CONCENTRATOR DEVELOPMENT 

PRESENT ACT I V I  T I ES 
, .  . 

. .. 

CONTRACTS - 

' CONCENT'XATOR SUBSYSTEM ANALYSIS AND ECONIIII cs 
I 

HIGH Ib,TENSITY S I L I C O N  SOLAR CELLS 

HIGH IKTENSITY  GALLIUM ARSENIDE ,SOLAR C E l L S  C m 
0 

PROTOTYPE CONCENTRATOR ARRAYS 

SAWDIA IN-HOUSE - 

COIIPLEMENTARY SYSTEM AWALYS I S  

HIGH INTENS lTY  S I L I C O N  SOLAR CELLS 

1 KW CONCENTRATOR ARRAY 



CONCENTRATOR SYSTEM ANALYSIS, AND 

DESIGN TPADEOFFS 

SANDIA LABORATORY - E ,  C a  BOES, Ma  W a  EDENBURN 

. . 
OBJECTIVE - 

D'EFI NE FUNDA~IENTAL SYSTEMS CONSIDERATIONS AND ECONOMI cs 
OF PHOTOVOLTAI c CONCENTRATOR ARRAYS 

APPROACH - 
SOLAR ENERGY AVAILABLE TO VARIOUS COLLECTORS AND 
GEOGRAPHIC INFLUENCE 

PARAMETRIC MAPPING OF SUBSYSTEM COST-PERFORMANCE 
CHARACTERISTICS 



AVERAGE ENERGY COLLECTED B Y  VARIOUS ARRAY TYPES 
( K W H ~ ~ ~  DAY) 

COLLECTOR TYPE ALBUQUERQ'UE BLUE H I L L  OMAHA 

1. NONTRACKI NG 

' FLAT-PLATE, TILTEDAT LATITUDE . .  . 

CPC, E-'W AX1 S, CR.7, 

I I. ONE AX1 S TRACKING 

FLAT-PLATE, TILTED AT LATITUDE 
PARABOLIC CYLI-NDER, E-W A X I S  
PARABOLIC CYLINDER, N - S A X I S ,  TILTED 
FIXED SEGMENTEDREFLECTOR, E-w AXIS 

Ill. TWO A X I S  TRACKING 

FIAT- PIATE 
PARABOLOI D 
FRESNEL LENS 



- - 

I 

' 8000 

I 

I 6000 
I 

A 

5 5000 
w 
(3 

I I I I I I I I i 

SUBSYSTEM COSTS FOR PHOTOVOLTAIC COLLECTORS IN ALBUQUERQUE 

'0°(',:/ 

$200/M2 ARRAY 

$25/M2 STRUCTURE 
- 

E-W TRACKING 
12% ARRAY 

- 

-1-$2000/~2 CELL 
$1 5 0 1 ~ 2  CONC - M O  AXlS TRACKING 

$ 1 0 0 1 ~ ~  ARRAY 12% ARRAY 
- 

Q: $ 1 5 1 ~ 2  STRUCTURE 
K FIXED, TILTED : 12% ARRAY 

.I, 
$2000/M2 CELL 

El 4000 
$ 7 5 1 ~ 2  CONC 

111 
n. 

TWO AXlS TRACKING - 
", 

t;; 

$3000 

12% ARRAY 

/ t:Ez ! s $ t u R E  -/ 5% ARRAY $20,000/M2 CELL 

k 50/M2 ARRAY $ 7 5 1 ~ ~  CONC 
$ 1 5 1 ~ ~  STRUCTURE 500/M2 CELL TWO AXIS 

3 FIXID, TI LTER 
$501~2  CONC 18% ARRAY 

V) 12% ARRAY TWO AXIS TRACKING 
12% ARRAY 

' 2000 1 /:::;;: , / ,  'h- - 

1000 

. - CPC FIXED 
12% ARRAY T - $50/M2 ARRAY 

\ $2000/M2 CELL 

$25/M2 STRUCTURE $1 0 0 1 ~ ~  CELL 
$50/M2 CONC - 

$50/M2 CONC 
TWO AXlS TRACKING 

E-W TRACKING 
TWO AXlS TRACKING 

15% ARRAY 
12% ARRAY 

12% ARRAY 

I I. 1 I I I I I I 
1 2 5 10 20 50 100 200 500 1000 

CONCENTRATION RATIO 



. EMPERATURE APPLICATIONS 

. . 
I .  

, SANDIG LABORATORY - J. G, F3SSUA 
I 

OBJECTIVE - 

O P T I M I Z E  PERFORMANCE 4ND DEVELOP FABRICATION PROCESSING FOR S I  L lCON SOLAR 
, '  CELLS OPERATING I N  40 - 100 SUN I N T E N S I T I E S  AND AT ELEVATED TEMPExATURES 
. . (IOOQC) 

. . . . . . . . 
, . . . 

. .. . .  

- '  STATUS - 
. . .  J 

. . ' . :  . CONVERSION EFFICIENCY GREATER THAN l o x  A T  40 SUNS AND IOOOC ACKIEVED, 
TWO ' INCH WAFER DES I G l  DEVELOPED . .. . 



S I L I C O N  SOLAR CELLS FOR MULTIPLE-SUN, . . 

H I G H  TEMPERATURE A P P L I C A T I O N S  

THEORETICAL 
. . 1-D NUMERICAL D E V I C E  S IMULATION 

2-D CURRENT-VOLTAGE CALCULATIONS 

MORPHOLOGICAL 

JUNCTION DEPTH 3000 g: . . 
P+ BACK CONTACT ' 

. AL-AG M E T A L L I Z A T I O N  .. , . 

FABRICATION 

P+ IMPLANT (BORON) 
- 

N' D l  FFUS I O N  (PHOSRHOROUS) 

PHOTOLITHOGRAPHY 
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SIL ICON SOLAR CELLS FOR MULTIPLE-SUN, 

HIGH TEMPERATURE APPLICATIONS 

FUTURE WORK 

IMPLANTED JUNCTIONS (ARSENIC OR PHOSPHORUS) 

. . . . . . . . .  , . .  . . 
. . 

. . 

, E P I T A X I A L  JUNCTION' FORMATION ' , ' ,  . . '  
. . 

. . . . . . .  . . . . 

IMPROVED EMITTER EFFICIENCY ' : , ,. . . 
. . 



, . 1 01 PROTOTYPE CONCENTRATOR ARRAY 

. . 
SANDIA LABORATORY - E .  L; BURGESS 

OBJECTIVE - 

DESIGN, CONSTRUCT, AND EVALUATE A 1 KW PHOTOVOLTAIC 

CONCENTRATOR ARRAY HAVING VARIOUS CELL COOLIN: OPTIONS 

STATUS - 

ARRAY AND TRACKING STRUCTURES COMPLETE, PROTOTYPE 

FRESNEL LENS DELIVERED, F IRST PRODUCTION OF SOLAR CELLS 

COMPLETE, SYSTEM OPERATIONAL BY 9/76 
1 





1 KWE PHOTOVOLTAI C CONCENTRATOR SUBSYSTEM 

-DESIGN SPECIF.lCATlONS- 

ELECTR I CAL 

PEAK ELECTR I CAL POWER 
NUMBER CELLS (SERIES CONNECTED) 
CELL ERI CI  ENCY, qc 

AT 27% 
A t  100% 

PEAK POWER PER CELL 
CELL AREA 

OPTICAL SYSTEM 

SQUARE FRESNEL LENS CONCENTRATORS 
30.5 cm FOCAL LENGTH (f 1.0) PO l NT FOCUS l NG 
GEOMETR I C CONCENTRATION RATIO 
ESTIMATED 0 PTI CAL EFFICIENCY, Qo 
ACTUAL CONCENTRATION RATIO 

MECHANl CAL 

D l  MENS IONS 
COLLECTOR AREA 
LENS PACKING EFFICIENCY, q,, 

COOLING 0 PTIONS 

PASSIVE (INCLUDING EXTENDED SURFACES) 
FORCED AIR 
WATER LOOP 

ARRAY EFFI CI  ENCY 

ELECTRl CAL, =% r)  , r )  
AT 27% 
AT 700C 

THERMAL (COMB1 NED SYSTEM), RT 

AVE T 70°c, 1 GLAZING 
2 GIAZ I  NGS 



PHOTOVOLTA IC-CONCENTRATOR DEVELOPMENT . 

CONTRACTORS 

SOLAR DATA-ESTIMATION OF D I  RECT SOLAR RADIATION 
AEROSPACE CORPORATI ON 

SUBSYSTEM ANALYSIS AND EXPERIMENTAL EVALUATION 

. . .  
ARIZONA STATE UNIVERSITY 

. . SPECTROLAB INC . 
. . 

:LOW CONCENTRATION CPC PROTOTYPE ARRAYS 
ARGONNE NATIONAL LAB, 

I 

. , H I G H  CONCENTRATION PROTOTYPE SILICON ARRAYS 
' -  RCB LABORATORIES 

INTERDIGITATED BACK CONTACT S I L I C O N  CELLS 
. . .  PUR.DUE UNIVERSITY* 

. H IGH PERFORMANCE GALLIUM ARSEN I D E  CELLS 

. . . . 
HUGHES, RESEARCH LABS" 
VARIAN ASSOCIATES" ' . 

CONTRACT IN NEGOTIATION 



SOLAR RADIATION AND WEATHER DATA TAPES 

. . 
" . . . . - . . 

PERI0.D: 9 MONTHS , FUND1 NG : 045K 

OBJECTIVE - 
. . . . '  ADD EST-IMATED DI RECT-NORPAL . RADIATION VALUES TO THE : ' . . - 

s .  . i ;' . = '  HOURLY SOLAR AND WEATHER DATA BASE BEING RESERECTED 

STATUS - 
ESTIMATION TECHNIQUE BEI[IG REFINED, DATA TAPES* FOR 
- 30 U ,St  LOCATIONS AVAILABLE BY 3/77. 



TERRESTRIAL  PHOTOVOLTA I C POWER SYSTEMS . - 

WITH S U N L I  GHT CONCENTRATION 

ARIZONA STATE U N I V E R S I T Y  - C, E, BACKUS 
. . 

PERIOD:  12 MONTHS FUND I NG : $ 1 5 6 K  

SPECTROLAB INC. - J. A.  CASTLE 

PERIOD:  6 MOrJTHS FUNDING: $ 8 5 K  

OBJECTIVES - 'rn 
h) 
VI 

RECOMMEND CONCENT.RATOR TECHNOLOGY T O  B E  DEVELOPED FOR ACHIEVEMENT OF $2000/KW GOAL 

CONTINUE EXPERIME~TAL TESTING,- OF CONCENTRATOR SYSTEMS 

PERFORM SUBSYSTEM S I M U L A T I O l  S T U D I E S  

CONTINUE THERMAL A N A L Y S I S  AND EXPERIMENTS OF SOLAR C E L L  COOLING METHODS 

H I G H  I N T E N S I T Y  SOLAR CELL DEVELOPRENT 



., EVALUATION CRITERIA 

ENERGY GENERATION COSTS. 1 s  

TECHNICAL RISK 

3 , . MA1 NTENANCE. REQUIREMENTS 
. . 

L I  FE. EXPECTANCY 

POTENTIAL FDR REDUCED COSTS 

SITE PREPARATIONS 

8, . SUITABLE FOR IMPLEHENTATION I N  SMALL UNITS 



MOST PROMISING CONCENTRATOR SYSTEMS 

FOR NEAR-TERM DEVELOPMENT 

PARABOLIC TROUGH - CEC SECONDARY, VARIOUS TRACKING MDDES 

CONCENTRATION RAT1 0 = 19-25 

LINEAR FRESNEL LENS, TWO A X I S  TRACKING 

CONCENTRATION RATIO = 18. 

CIRCULAR FRESNEL LENS, TWO A X I S  TRACKING 
. . 

CONCENTRATION RATIO = 82 



OFF-AXIS  PTCEC RAY TRACE DIAGRAM 



METHODS OF OPT1 CAL CONCENTRATION - CONTD. 

METHOD NO. 3 - LINEAR FRESNEL 

LINEAR FRESNEL 
GROOVES DOWN 

LENS 



RECOMMENDED CONCENTRATOR SYSTEM I 
GENERAL SYSTEM DATA 

TRACK1 NG: 

PARABOLIC TROUGH WITH COMPOUND 

ELL1 P T I  CAL CONCENTWTOR (PTCEC) 

COOLING: PASS I VE 

CONCENTRATION : 25 ' 

SIZE: 

PEAK POWER RATING: 6.74 KW PER UNIT 



I (9NI13N1 SIXV OM YO IN0 iOrl) 



I NTR I NS I C ADVANTA6ES OF RECOPPIENDED SYSTEM I 
2 AXIS TRACKING: @ MAXIMUM YEARLY AND MONTHLY ENERGY COLLECTION 

@ MINIMUM PRIMARY AND SECONDARY MIRROR OVERHANG 

@ OPTIMUM ASPECT RATIO CAN BE ACHIEVED 

@ ALTITUDE AXIS CAN PROVIDE SELF FEATHERING FEATURE 

PTCEC : @ INEXPENSIVE OPTICS; MIRRORS CAN BE REPLACED OR 

RETAPEP I N  THE F IELD 

@ GOOD IRRADIANCE DISTRIBUTION ACROSS CELLS 

@ u +  1 , 5 ' F I E L D O F  VIEW I N A Z I N U T H  

@ VERY LARGE F IELD OF-VIEW I N  ALTITUDE 

@ MIRROR RSSEMBLY MORE EFFICIENT STRUCTURALLY THAN 

PTCEC USED WITH SINGLE AXIS CONCEPTS 

PASS lVE COOL1 NG:. -- NO POWER REQUIRED FOR BLOWERS OR PUMPS 

@ LESS EXPENSIVE W A N  ACTIVE CCOLED SYSTEMS 



IMPORTANT OBSERVATIONS 'ASSOCIATED 

WITH PHOTOVOLTAI C CONCENTRATOR SYSTEMS 

..... 

9 MI.RROR DISTORTIONS CAM S IGN I F I  CANTLY AFFECT SYSTEM 
EFF I C I ENCY 

9 SHADING OF ANY PORTION OF CELL CIRCUITS BY STRUCTURE 
SHOULD BE AVOIDED 

o DISTRIBUTION OF RADIATION ACROSS CELLS IS IMPORTANT 

e GOOD ALIGNMENT & RIGIDITY ARE REAL REQUIREMENTS 



APPLICATION OF T f  COMPOUND PARABOLIC 'CONCENTRATOR 

TO SOLAR FHOTOVQLTAIC CONVERSION 

, . ARGONNE NATIONAL LABORATORY - ROLAUD MNSTON 
. . 

PERIOD: 6 MONTHS FUNDING: $144K 

OBJECTIVE - 
DESIGN, FABRICATE, AND DELIVER 4x4 FOOT NON-TRACKING ARRAYS' 

EMPLOYING ,HOLLOW TROUGH AND SOLID D I E L E C T i I C  COMPOUND PARABOLIC 
CONCENTRATORS. AS A NEARS OF OVERALL COST 3EDUCTION 

STATUS - 
DESIGNS COMPLETE, SCLAR CELLS PROCURED, SUB.-ARRAYS TESTED 

: BY 9/76 . , 



100 WATT PHOTOVOLTAIC ENERGY CONVERTER WITH 
I 

HIGH SOLAR CONCENTRATION AND PRECIS ION TRACKIKG 

RCA LABORATORIES - L ,  s,' NAPOLI 

PERIOD: 12 MONTHS FUND I NG : $273K 

OBJECTIVE - 
DESIGN, FABRICATE, AND DELIVER S I X  100 WATT PASSIVELY COOLED 
S I L I C O N  ARRAYS EMPLOYING HIGH SOLAR CONCENTRATION TO ACHIEVE COST 
REDUCTION ' 

STATUS - 
SECOND-GENERATION DESIGN BEING FABRICATED 



I NTERDI G ITATED. BACK CONTACT S I L I C O N  CELLS 

FOR CONCEFITRATOR APPLICATIONS 

PURDUE UNIVERSITY - R e  J. SCHWARTZ 

PERIOD: 12 MONTHS 

OBJECTIVE - 

FUND I NG : 876K 

ACHIEVE 18% OR GREATER POWER CONVERSION EFFICIENCY AT 100 SUNS 
I #TENS I TY . 

STUDY TASKS - 

. , 9 CELL DESIGN OPTIMIZATION 
-* 

9 MEAT S INK DESIGN 

0' DELIVERY OF PROTOTYPE CELLS 



P+ CONTACT I N* CONTACT . 

INCIDENT LIGHT 

AN INTERD IGITATED BACK CONTACT' PHOTOVOLTAI C CELL 



HIGH PERFORMANCE GALLIUM ARSEN I D E  SOLAR CELLS 

FOR CONCENTRATOR APPLICATIONS 

HUGHES RESEARCH LABS - R, C, KNECHLI 

VARIAN ASSOCIATES - R . L, B E L L  

OBJECTIVE - 
ACHIEVE 2 0 % O R  GREATER POWER CONVERSION EFFICIENCY AT 1000 SUNS 

INTENSITY  

. . . . 

STUDY TASKS - 
CELL DESIGN OPTIM lZAT ION 

. CELL FABRICATION A N D  CHARACTERIZATION 
L IFETESTING AND R E L I A B I L I T Y  ASSESSMENT 

DELIVERY OF PROTOTYPE CELLS 



PHOTOVOLTA I C-CONCENTRATOR DEVELOPMENT 

PLANS - NEXT S IX  MONTHS 

EVALUATE PROTOTYPE CONCENTRATOR ARRAYS 

CONTINUE SYSTEM AND ECONOMIC A!ALYSIS 

INIT IATE COlB I NED PHOTOVOLTAI,C/THERRAL EXPERIMENTS 

ISSUE RFP FOR 1 0  KW CONCENTRATOR SUBSYSTEM 



HIGH ENERGY DENSITY PHOTOVOLTAIC CONVERTERS 

Grant o r  .Contract Number: None 

Author: David H. Navon 

P r i n c i p a l  Investigator: David H, Navon 
Professor 
E l e c t r i c a l  €4 Computer 

Engineering Department 
U n i v e r s i t y  o f  Massachusetts 
Amherst, Massachusetts 01.002 < .  

. , 
4 

presented a t  t h e  Nat iona l  Solar  Photovol t a l c  Program Review Meeti  ng 

August 3 - 6 ,  1976. 

U n i v e r s i t y  o f  Maine a t  Orono 

,Orono, Maine 04473 



Abstract . . 

A program i s  proposed to  investiqate theoretically the optimum 

desiqn of semiconductor photovol t a i c  .converters . . under high energy densi ty 

i r radiat ion conditions. The work i s  prompted by the tren.d toward using 

mirrors and lenses to  focus . the incident solar  energy onto relat ively 

small solar  ce l l  devices. T h i s  trend r e s ~ l  t s  from. t h e  present 'high cost ,:; 
.., / 

of 'semiconductor single-crystal materials and- the relat ively inef f ic ien t  

performance of deposited thin film ce l l  s.. The proposed research w i  11 

be direc.ted toward calculating the current density and temperature dis- 

t r i  butions . i n  a two-dimen.sio.na1 'model of a seniconductor photovol t a i c  
. . ' I 

c e l l ,  as  well as the power' ou tp i t  under intense i l luminat ion.  Due t o  

the highly nonlinear nature of the e lec t r ica l  ca r r i e r  flow and heat flow 

equations describing .the device operation, a difference equation computer 

analysis of the problem wi1.l be employed. This will  f a c i l i t a t e  invest i -  

gation of a variety of device s t ructures  incorporati ng heterotaxial 

layers ,  a rb i t ra ry  impurity dis t r ibut ions,  d i f fe rent  electrode configura- 

t ions,  unusual ce l l  geometries, etc.  ' Effects such as the impurity 

concentration, temperature, and f i e ld  dependence of the ca r r i e r  mobi 1 i - 
t i e s ,  the temperature dependence of the thermal conductivity, the 

various surface and bul k recombination mechanisms, etc. ,  can be readily 

incl uded in this computer-ai ded two-dimensional , high current density 

1 eve1 , noni sothermal model . 
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HIGH-EFFICIENCY THIN-FILM 
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ABSTRACT . . 

. . 

A program t o  i n v e s t i g a t e  the  f e a s i b i l i t y ' o f  growing' large g ra in  poly-. ' 

c r y s t a l l i n e  CaAs by chemical vapor deposi t ion  on r e c r y s t a l l i z e d  Ge f i lms,  t o  
f a b r i c a t e  AMOS (Ant2reflection-Coated Metal-Oxide-Semiconductor) s o l a r  c e l l s  
on the  f i lms,  and t o  f u r t h e r  inves t iga te  the'physi 'cs of AMOS c e l l s  o n ' s i n g l e  
c r y s t a l s  Began fri January, 1976. Concepts of the  d e v i c e . s t r u c t u r e  and 
processing, ma te r i a l  a v a i l a b i l i t y  and cos t  considerat ions,  and a b r i e f  
descript2on of t h e  planned approaches were given a t  the  f i r s t  and second 
Semiannual Re~fewmeet ings  and i n  the  f i r s t  In ter im Report (April ,  1976). 

During the  l a s t  s ixmonths ,  four of which w e r e  devoted t o  rebui ld ing 
the vacuum wapora t ion  system f o r  very f a s t  pump-down times and e s t a b l i s h i n g  
a clean Eench environment f o r  a11 processing s t e p s  , considerable progress 
has been .made i n  obta in ing reproducibly high open-circuit vol tages '  on oxidized 
s i n g l e  c r y s t a l  GaAs Eiefore contact ing with g r ids  o r  deposft ing AR coatings.  
I n  con t ras t  t o  e a r l i e r  r e s u l t s  before .  t h e  above modificat ions;  the  &o thermal 
oxidat lon processes using ozone and oxygen i n  the  presence of a  r e s i n  epoxy 
now gfve very s i m i l a r  r e s u l t s :  , (1) increas ing the  Au-GaAs b a r r i e r  he ight  from 
0.90 t o  1.03-1.06eV, (2) reduced reverse  s a t u r a t i o n  current  d e n s i t i e s ( I o ) ,  and 
(3) lowered values o f . - the  empir ica l 'n- fac tor  i n  the  dark forward current-voltage 
CI-V) c h a r a c t e r i s t i c s .  In addi t ion ,  a  marked d i f fe rence  was found between 
s e v e r a l  GaAs surfaces  having d i f f e r e n t  c rys ta l lograph ic  o r i en ta t ion .  In  par- 
t i c u l a r ,  one ob ta ins  about l O O m V  higher value Voc when using the  (111) Ga-rich 
su r face  a s  compared t o  the  (ni) As-rich surface .  The d i f fe rence  i s  mainly 
due t o  a  much higher value of I. with the  (FIT) su r face  even though the  
measured b a r r i e r  he ights  a r e  about equal. Values of Voc on (100) surfaces  a r e  
intermediate. 

Chemical cha rac te r i za t ion  of the  d i f f e r e n t  oxidized surfaces  using X-ray 
Photoelectron Spectroscopy shows t h a t  the  oxidat ion  of t h e  A s  atoms seems t o  be 
one of the  key processes required f o r  proper f i l m  preparat ion.  S ign i f i can t  
amounts of Ga203 a r e  observed i n  the  f i l m  and the  r a t i o  of oxidized gallium 
t o  oxidized Arsenic i n  the  f i l m  seems t o  be most important.  A r a t i o  of GaOx/ 
AsOx of about 1:l appears t o  give higher Voc. Degradation of unprotected 
c e l l s  exposed t o  water vapor is  caused by conversion of As205 t o  A s  0 and 
t o  increased oxide thickness causing high s e r i e s  r e s i s t ance .  ~ ~ ~ l $ c q t i o n  of 
gold t o  the  oxide f i l m  r e s u l t s  i n  gold reac t ion  wi th  the  f i l m  and apparent 
modification of the  r e l a t i v e  amounts of  AS+^ t o  ~s'5 i n  the  oxide. Prepara t ion  
of thick-film g r i d  contac ts  o r  AR coatings usual ly  reduce the  enhanced VOc 
from the  0.70-0.75 v o l t  t o  the  0.60-0.65 v o l t  range 'without  a f f e c t i n g  the  f i l l  
f a c t o r .  This too may be  due t o  l o s s  of A s  O5 caused by l a t e n t  heat  of condensation. 
Modi f i ca t ionof  the  equipment is underway $0 al low cooling of the  sample 
during the  g r i d  and AR deposi t ions.  



A t h i r d  oxidat ion  process using RF-generated oxygen plasmas looks promising 
because of i ts  p o t e n t i a l  f o r  very f a s t  oxide growths a t  room temperature with 
high uniformity over t h e  surface.  Anodized oxidat ion processes inves t iga ted  t o  
d a t e  have not given r e s u l t s  a s  good a s  the  dry thermal o r  plasma processes,  
perhaps because of the  r ap id  conversion of A s  0 t o  A s  0 i n  the  presence of 

5 2 3 water ,  and modificat ions of the  amount of gal$ium enrichment of the  oxide. 

Baseline and AMOS Schottky b a r r i e r  s o l a r  c e l l s  have been fabr i ca ted  on 
polished wafers of po lyc rys ta l l ine  GaAs wi th  r e l a t i v e l y  high doping l e v e l s .  
Except f o r  t h e  high doping e f f e c t s  which lower the  e f f e c t i v e  b a r r i e r  he ights ,  
.the cell!: O n  t h e  poiy-G~AS showed no apparent e f f e c t s  from t h e , g r a i n  boundaries. , 

Grains averaged 100-500pm'in s i z e  a s  shown by SEM~EBIC photographs. These 
experiments a l s o  showed t h a t  the  5pm wide g ra in  boundaries had reduced 
cur ren t s  l o c a l l y  by about 20% a t  most, leading t o  an o v e r a l l  reduction of about 
2% from t h a t  expected from equivalent  ma te r i a l  i n  the  s i n g l e  c r y s t a l  form. 
Open-circuit vol tages  of AMOS-treated poly-GaAs wafers were about 600-630 
m i l l i v o l t s ,  comparable t o  t h a t  obtained on s i n g l e  c r y s t a l  daAs wi th  s i m i l a r  
c a r r i e r  concentrat ion (2 x 1017 - 2 x 1 0 ~ ~ c m - ~ ) .  

Germanium f i lms  t o  be used eventual ly  a s  an in te r l aye t .be tween  low cos t  
metal  s u b s t r a t e s  and G a A s  deposited by CVD were found to .have  a (111) 
p re fe r red  o r i e n t a t i o n  i n  increas ing amounts f o r  increas ing s u b s t r a t e  
temperatures during deposi t ion.  Ge f i lms r e c r y s t a l l i z e d  t o  da te  wi th  focused 
I R  l i n e  hea te r s  melted over too l a r g e  an a r e a  f o r  zone r e c r y s t a l l i z a t i o n .  
Consequently t h e  s o l i d i f i e d  Ge f i lms,  though having very l a r g e  g ra in  s t r u c t u r e ,  
showed d e n d r i t i c  growth regions and an i r r e g u l a r  su r face  morphology. A 
10-watt CW N ~ / Y A G  l a s e r  has been ordered i n  order  t o  accomplish much f i n e r  
zones of melt ing by l i n e  focusing wi th  a c y l i n d r i c a l  mirror.  



OBJECTIVES 

DEMONSTRATE THE FEASIBILITY OF A LOW-COST THIN-FILM GALLIUM 
' ARSENIDE SOLAR CELL 

l RECRY STALL1 ZE GE F l  LMS ON LOW-COST SUBSTRATES 

l OPTIMIZE GaAs GROWTH BY CVD ON GE FILMS 

F A B R I C A T E  OPTIMUM AMOS SOLAR CELL STRUCTURES ON THE 
GaAs CVD FILMS 



PLANNED ACTIVITY FOR LAST SIX MONTHS 

FABRICATE AMOS AND BASELlNE SOLAR CELLS ON V P E - G ~ A S  LAYERS GROWN ON 
P OLY CRY STALL I NE GaAs WAFERS 

4 .  

LET SUB-CONTRACT TO PENNSYLVANIA STATE UNIVERSITY FOR STUDIES ON 
ELECTRON I C CHARACTER I ZAT I ON OF I NTERFACE REG I ON 

CONTINUE XPS (ESCA) STUD1 ES ON CHEMI CAL CHARACTERIZATION OF GaAs SURFACES 
OX I D I ZED BY OZONE, HYDROGEN PEROX I DE AND OTHER OX1 DANTS FOUND TO BE DESIRABLE 

INITIATE FABRICATION OF APPARATUS FOR LASER SPOT OR LINE SCANNING OF 
GERMAN1 U M  THIN FILMS, AND CHOOSE APPROPRIATE LASER 



VOLTAGE, V 

Light I-V characteristics f i r  60 A). go1 d on ozone-treated GaAs vi t b  no grid nor antireflection 
coatings for,several orientations' and carrier cbncentrations. 

. . 



VOLTAGE, V 

~ i ~ h t  I--V character i i t ick  for AMOS s i a r  c e l l s w i t h  the oxide formed i n  an RF generated oxycen plasma. ' '  
', 

Curves 1-4'are f o r  lower current output GaAs wafers. Oxide thickness increasing with decreesing curve number. 



ELECTRON ENERGY, eV 

ESCA scan o f  arsenic l i n e  and i t s  associated oxide showing oxygen desorption with tim i n  high vacuum. 



- O p t i c a l  ahataoraahnf a .sl iced,--lapped, but-mpallshed polycrgstall ine h f e r  coated vi  t h  four ul tramthin- 
fi l& of evaporatelgol d . .  



~ I I :  picture of sample area in lower right hand portion of wafer i n  previous figure. 



EBLCpicture .and amp1 Ltude mdulated signal from one 1 ine scan acmss Schottky barrier solar cel T made on a 
pol ycrystal 1 i ne GaAs wafer. 





VOLTAGE, V 

Light I-V characteristrcs for 6 0 i  gold on polycrystalline GaAs wafers with 1-3 x 10" cmg3 doping. 



S.EM photograph of fractured evaporated Ge film showing': col umar-type growth. 



I 

Clase u(: view of Ge film edge,. 



Photograph of Ge recrystal l izat ion chamber with two Q - I  tungsten lamps i n  place. 



- -  
Optical pbbgraph latl region oB 6e f'lm on tungste? melted linder the l l n e  heakr*  





SUMMARY OF KEY RESULTS 

REPRODUCIBLE IMPROVED OPEN-CI RCUIT VOLTAGES OBTAINED 

MAJOR EFFECT ON VOLTAGE I N AMOS CELLS DUE TO CRYSTALLOGRAPHI C OR1 ENTATION 

RF PLASMA OXIDATION PROCESS I S V I A B L E  CANDIDATE 

GRAIN BOUNDARIES FOUND TO HAVE NO NOTICEABLE EFFECT ON BASELINE OR AMOS 
SOLAR CELLS FOR RELATIVELY LARGE-GRAIN SLICED POLY CRYSTALLINE GaAs WAFERS 

EVAPORATED GE F ILMS SHOW PREFERRED ORIENTATION AND GOOD BONDING ON 
SEVERAL METAL SUB STATES 

I R  LINE HEATER DOES NOT PROVIDE SUFFICIENT LOCALIZED MELTING FOR ZONE - 

RECRY STALL1 ZATl  ON 

Is.>: Z... *i+' . .. :+ -... -,* 
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-,..?$. 3 . . 
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MAJOR PROBLEMS 

' .-.NEED TO ELI MI NATE DECREASE I N  VOLTAGE UPON GR I D CONTACT1 NG OR AR 
COATING DEPOSIT1 ON 

' '  DEVELOP MULTI-LAYER AR COATING WITH WHI CH TO FURTHER DECREASE 
REFLECT1 ON LOSSES 

NEED TO FURTHER LOCALIZE G E M ~ T I  NG FOR . . PROPER RECRY STALLI ZATI ON 
OF F ILMS . .. 



PLANNED ACTIVITY FOR NEXT SIX MONTHS 

OPT1 MI ZE RF PLASMA OX1 DAT1ON PROCESS A k D  FURTMER INVESTIGATE 
CRYSTALLOGRAPHIC OR IENTATI ON EFFECT ON OPEN-CI RCUIT VOLTAGE 

CONTINUE X P S  (ESCA) STUDIES ON OXID IZED C;aAs SURFACES, 
PARTICULARLY ON PLASMA OX1 DES 

I NVESTIGATE DEGRADATION E,FFECT WHEN AR C3AT11NG I S'APPLIED AND 
MEANS TO ELIMINATE I T  

RECRYSTALLIZE GE F I L M S  WITH LINE FOCUSSED NDIYAG LASER BEAMS, 
CHEMl CALLY VAPOR DEPOSIT GaAs AND FABR K A T E  Ahr,OS SOLAR CELLS 
ON SUCH F I L M S  

SELECT MOS TECHNIQUES WHI  CH CAN PROVIDE ELECTRICAL PARAMETERS 
OF INTERFACE STATES AND OX I DE CHARGES 



RENEWAL REQUEST 

@ MAJOR GOALS 

8% EFFI C I'ENCY O N  POLY -GaAs BY DEC. 1977 

10% EFFl C l ENCY ON POLY -GaAs BY DEC. 1978 

ALL MATERIALS AND PROCESSES AMENDABLE TO 
30 CENTS PER-'PEAK WATT GOAL OR LESS 

DECEMBER 1, 1976 TO NOVEMBER 30, 1978 

ESTIMATED COSTS . . 

$550,000 (24 MONTHS) 
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ABSTRACT 

A. OBJECTIVE 

The o b j e c t i v e  of t h i s  program i s  t o  d e p o s i t  g a l l i u m  a r s e n i d e  

(GaAs) t h i n  f i l m s  on i n e x p e n s i v e  s u b s t r a t e  m a t e r i a l s  by l i q u i d  phase  

e p i t a x i a l  (LPE) growth t e c h n i q u e s  f o r  s o l a r  c e l l  a p p l i c a t i o n s .  The 

mot iGa t ion  f o r  t h i s  work i s  based  on t h e  t h i c k n e s s  of  GaAs r e q u i r e d  

f o r  s o l a r  ene rgy  p h o t o v o l t a i c  c o n v e r s i o n  (% 1 pm), t h e  a v a i l a b i l i t y  

and c o s t  of  Ga and t h e  expense  of GaAs s i n g l e  c r y s t a l s .  ., 

The major  a s p e c t s  of t h i s  program i n c l u d e :  a  s t u d y  of n u c l e a t i o n  

and gro.wth.of GaAs t h i n  f i l m s  by t h e  LPE growth p r o c e s s  on o x i d e .  

s u b s t r a t e s ,  t h e  s e l e c t i o n  of s u i t a b l e  s u b s t r a t e s  and t h e i r  p r e p a r a t i o n ,  

t h e  s t r u c t u r a l  and e l e m e n t a l  c h a r a c t e r i z a t i o n  of  s u b s t r a t e  s u r f a c e s  

and e p i t a x i a l  f i l m s ,  and t h e  a n a l y s i s  .of t h e  f i l m ' s  e l e c t r i c a l  

p r o p e r t i e s .  The program g o a l s  c a n  b e  d i v i d e d  i n t o  t h r e e  phases :  

'(I) fundamental  s t u d i e s  of  n u c l e a t i o n  and growth o n  s i n g l e  c r y s t a l  

o x i d e  s u b s t r a t e s - ;  (11) growth on low c o s t  s u b s t r a t e s ,  p a r t i c u l a r l y  

f u s e d  q u a r t z ;  and (111) o - p t i m i z a t i o n  of  t h e  growth proces's and t h i n  

f i l m s  f o r  s o l a r  c e l l  d e v i c e  s t u d i e s .  

B. PREVIOUS. ACTIVITIES ' 

The d e s i g n  and c o n s t r u c t i o n  of a n  LPE growth sys tem f o r  t h e  

. s t u d y  of  s t e a d y  s t a t e  and t r a n s i e n t  growth of  GaAs t h i n  f i l m s  on 
. . 

o x i d e  s u b s t r a t e s  was completed i n  t h e  . f i r s t  s i x  months of t h e  program. 

~ u r . i n ~ ' . t h i s  p e r i o d  s t r u c t u r a l  a n a l y s e s  of  t h e  s p i n e l  (MgA10 ) and :. 
. 2' 4 

s a p p h i r e  (A1 0  ) s u b s t r a t e s  were  u n d e r t a k e n  t o  s t u d y  s u r f a c e  p repara -  
2 3 

t i o n s  and atom bond a r rangements .  . . 
. . ,  

C. CURRENT EFFORTS 

I n  t h e  second s i x  months of  t h e  program, G a A s  w a s  d e p o s i t e d  on . . 

t h e s e  s u b s t r a t e s  t o  d e t e r m i n e  t h e  l i q u i d - s o l i d  i n t e r f a c i a l  c o n d i t i o n s  . 

n e c e s s a r y  t o  c o n t r o l  n u c l e a t i o n  and.  growth.  These c o n d i t i o n s  a r e  

i n f l u e n c e d  by t e m p e r a t u r e ,  c o o l i n g  r a t e ,  t empera tu re  g r a d i e n t ,  a n d ,  

s u b s t r a t e  p r e p a r a t i o n .  I n  a d d i t i o n ,  s u b s t r a t e  s u r f a c e  d e g r a d a t i o n  

was s t u d i e d  i n  t h e  scann ing  e l e c t r o n  microscope by x-ray energy  



a n a l y s i s  t o  de te rmine  t h e  composi t ion of i n t e r f a c i a l  l a y e r s  and 

anomalous growths .  

I n  t h e  p a s t  few weeks, growths on f u s e d  q u a r t z  s u b s t r a t e s  were 

pursued ,  u t i l i z i n g  t h e  i n f o r m a t i o n  and t e c h n i q u e s  ga ined  from growths 

on ox ide  s i n g l e  c r y s t a l s .  

D.. ' SUMMARY OF KEY RESULTS 

The most s i g n i f i c a n t  r e s u l t  of o u r  s t u d i e s  i s  t h a t  h i g h l y  

o r i e n t e d  G a A s  f i l m s  can  be  grown on fused  q u a r t z .  The f i l m s  a t  ' 

p r e s e n t  appear  t o  a r i s e  from a  c o a l e s c e n c e  of ( i i i ) B  h i i i o c k s .  The'se 

have a s u r f a c e  c o n f i g u r a t i o n  w i t h  t h e  lowest'  i n t e r f a c i a l  energy.  I n  

o r d e r  t o  a c h i e v e  , h e t e r o e p i t a x i a l  . n u c l e a t i o n  and growth t h e  A s  - super -  

s a t u r a t i o n  a t  t h e  s u b s t r a t e  s u r f a c e  must exceed ' t h a t  found i n  s i n g l e  

c r y s t a l  G a A s .  . N u c l e a t i o n  and growth i s  n o t  l i m i t e d  t o  l a t t i c e  para-  

. m e t e r  matching.  N u c l e a t i o n  and growth a r e  r e l a t e d  t o  t h e  t y p e  df 

a v a i l a b l e  bonds on t h e  subsfirate s u r f a c e .  s u r f a c e  r e p l i c a t i o n  

. s t u d i e s  have shown m i c r o f a c e t  a r r a y s  on t h e  s u b s t r a t e  f o r  d i f f e r e n t  

o r i e n t a t i o n s .  These a r r a y s  can  be r e l a t e d  t o  atom a n d / o r  bond 

arrangements  e x i s t i n g  a t  t h e  s u r f a c e .  When t h e s e  a r e  matched a g a i n s t  

s i m i l a r  f a c e r s  found on GaAs, h e t e r o e p i t a x i a l  growth o r i e n t a t i o n s  can  

be  deduced. 
. . 

F. FUTURE PLANS . 

Cont ingen t  on f u t u r e  funding. ,  Phase I1 and I11 w i l l  be  pLrsued 

o v e r  t h e  n e x t  two y e a r s .  ' However, w i t h o u t  fundi'ng o u r  e f f o r t  w i l l  be  

s c a l e d  down o v e r  t h e  n e x t  s i x  months t o  a c h i e v e . a . b e t t e r  u n d e r s t a n d i n g  

of o u r  r e s u l t s  f o r . p u b l i c a t i o n .  
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SYNOPSIS OF 0.VERALL PLAN 

PHASE I: FUNDAMENTAL STUDY OF NUCLEATION AND GROWTH BY 

HETEROEPITAXIAL DEPOSITION ON A VARIETY OF OXIDE 

SUBSTRATES 

1. GROWTH SYSTEM DESIGN AND CQNSTRlJCTTCIN 

2. SELECTION OF SUBSTRATES AND DEVELOPMENT OF 

SURFACE PREPARATION TECHNIQUES FOR SUBSTRATES 

5. ELECTRICAL PROPEKTY CHARACTERIZATION OF GaAs 

FILMS 

PHASE 11: EMPHASIS ON LOW COST SUBSTRATES, PARTICULARLY FUSED 

QUARTZ 

1. SUBSTRATE SURFACE'TREATMENTS 

2. EXTENSION OF GROWTH STUDIES AND FILM 

CHARACTERIZATION 

. 3. . PRELIPIINARY STUDIES FOR SOLAR CELL. APPLICATIONS 

PHASE 111. OPTIMIZATION OF PROCESS AND GaAs THIN.FILMS FOR SOLAR 

CELL APPLICATIONS . .. 

ON FILM QUALITY AND' EFFICIENCY OF DEPOSITION 
. 

2. FILM SUBSTRATE BONDING STUDIES 

3 .  OPTIMIZATION OF GaAs THIN FILMS FOR SOLAR CELLS 



PLANNED ACTIVITY FOR LAST SIX MONTHS -- . 

2. GROWTH ON SINGLE CRYSTAL SUBSTRATES 

(MgAI2O4, A1 0 ) 
2 3 

3. DEVELOPMENT OF PRETREATMEPJT PROCEDURES FOR SUBSTRATES 

(MECHANICAL AND CHEMICAL TECHNIQUES) 

4. STRUCTURAL.ANALYSIS OF SUBSTRATES AND GROWN FILMS 

(TRANSMISSION AND SCANNING ELECTRON MICROSCOPY) 

PROGRESS 

1.. GROWTH SYSTEPI HAS DEMONSTRATED VERSATILITY AND 

YIELDED CONTROLLED GROWTH CONDITIONS. 

2. SUBS'I'KA'I'E SUKFACES HAVE BEEN ANALYZED BY TEM, SEM 

FOR STRUCTURE AND ELEMENTAL IDENTIFICATION. 

3 .  GROWTH STUDIES HAVE BEEN MADE ON GaAs, MgA1204, 

A l  0 GKAPILITE AND FUS1:I) QUARTZ SUUSTMTES. 
2 3.' 



RESULTS 

1. HOMO- AND IIETEROEP.ITAXIAL NUCLEATION AND GROWTH IS 

LIMITED TO HIGH AS SUPERSATURATIONS AT THE LIQUID-SOLID 

INTERFACE. 

2. NUCLEATION AND GROWTH DOES'NOT APPEAR TO BE LIMITED TO 

LATTICE PARAMETER MATCHING -- BUT TO THE TYPE OF ' .  

AVAILABLE BONDS ON THE SUBSTRATE SURFACE. THE BONDS 

CHANGE WITH SUBSTRATE SURFACE ORIENTATION AND CAbi BE 

RELATED TO MICROFACETS. 

3. HIGHLY ORIENTED CONTINUOUS GaAs LAYERS HAVE BEEN GROWN 

ON FUSED QUARTZ. 

MAJOR PROBLEMS 

F U N D I N G !  



TABLE I1 (Revised. ~ u ~ u s ' t  1975) 

OBJECTIVES 

GaAs Films on S ing le  
C r y s t a l  Oxide Sub- 

APPROXIMATE 2ROGRA.M SCHEDULES AND EXPENSES 
3 Year Program - T o t a l  Expenditure $237.0 

( a l l  f i g u r e s  i n  thousands of d o l l a r s )  

TOTAL 
.FY 76 . FY 77* FY 78 EXPENDITURES 

s t r a t e s  . . 

E l e c t r i c a l  and Op t i ca l  
Evaluatf  on of.  GaAs 
Films 

H e t e r o e p i t a x i a l  I n t e r -  
f a c e  and S t r u c t u r e  
S tud ie s  

GaAs Films on Fused 
Quartz 

I 

($15.0) 

/ / /  / / / / / / /  

' (Total Cost)  1 ($67.0) 

Optimizat ion of Thin 
Film GaAs Growth on 
Fused Quartz 

He te ros t ruc tu re  Growths 
and Evalua t ion  S t u d i e s  
of GaAs Films f o r  
Solzr  Cells 

*FY 
I 1 

ncludes  a n  increased  overhead charge from 47% t o  58%. 

($15.0) 
. . 

r /  / / / / /  

($10.0) 

A/ ./ /////A. 
' ($10.09 

($15.0) 

//,'/,'////////, 

$10.0 , . 

$10.0 

$45.0 



COMPETITIVE FACTORS .FOR GaAs' ' 

I. AVAILABILITY 
. . 

Gall ium 

. . - Source  Reserve  . Recovery Amount -.. 
'. A 1  and Zn ,Ores 

6 
'. U.S. . 2.2 x 1 0  Kg , 1 0 % .  ., .0 .27 x 1 0  6 Kg 

6 World 25 x 1 0  6 
2 .5  x l o .  

I ' 

Coal  

U.S. 9 . 6  x 1 0  9 
. . 18% . 9  

. . 1 . 7  x 1 0  
World 22 l o 9  4 .0  x 1 0  9 

. -- Ar.senic 

Copper Ores 

U.S. 9 1 . 7  x 10  Kg 10% 9 0.17 x 10  Kg 
' 9 World 3 .8 .  x- 10  0 .38 x 1 0  

9 

, .  . 

11. COST OF GALLIUM ARSENIDE 

. . GaAs S u b s t r a t e s  (500 pm t h i c k  @ $ 4 . 0 0 1 ~ )  $ i , 0 0 0 / f t 2  

1 pm t h i c k  GaAs C r y s t a l  . . $ 2 / f t 2  

Ga and A s  

Fused Q u a r t  S u b s t r a t e s  (100 pm t h i > k )  ' 3 6 c l f t 2  

111. REQUIREMENTS 

Low Cost  Growth P r o c e s s  . 

Thin GaAs Fi lms on Cheap S u b s t r a t e s  
. . 



LPE vc.  V P E  --. - -  

1. Ca AND A s  CAN BE USED I N  ELEMENTAL FORM 

. .. 
2 .  Ga AND A s  LOSS ARE LOWER ' 

. .. 
. . 

3 .  GROWTH SYSTEM COST I S  LOWER 

4 .  LIQUID Ga SEGREGATES IMPURITIES FROM THE 

E F I T M I A L  LAPER 





I QUARTZ REACTOR 
2 GOLD COATED REFLECTOR 

3 KANTHAL HEATER 

4 LPE GROWTH CELL 
5 tNTERNAL KANTHAL HEATERS 

6 THERMOCOUPLES 

7 HEAT EXCHANGER 



FIGURE CAPTIONS 

Figure 1. GaAs growth formations on a (111) s p i n e l  subs t ra te .  
(a) and (b) by SEM. (c) and (d) by r e p l i c a t i o n  and 
TEM. 

Figure 2, . S ~ ~ / x - r a y  energy ana lys i s  of growths on a (100) s p i n e l  
subst ra te .  "Att shows a GaAs + A 1  and "B" shows a 
EPg -t A 1  cumposition. 

Figure 3. GaAs growths on (1F02) sapphire subs t ra tes .  Note t h a t  
growth appears primari ly on t r ea ted  area ( r i g h t  s i d e  
of subs t ra te )  . 

Figure 4. GaAs growth on fused quartz. (a) top and (b) s i d e  
views. 

Figure 5. GaAs growth on fused quartz. 'Optical view of l a y e r  
over t r ea ted  surface  (a) and at  two angles through t h e  
quar tz  (b,c).  

Figure 6. GaAs growth on fused quartz.  SEM view of (111)B 
h i l l o c k s  (a,b) and bottom of spalled-off l a y e r  (c ,d) .  



Fig. 1 





Fig. 2 











POLYCRYSTALLINE T H I N  F I  LM 

GALL1 UM ARSEN I D E  

SOLAR CELLS 



POLYCRYSTALLINE THIN GALLIUM ARSENIDE PHOTOVOLTAIC CELLS 

Objectives 

The objective of this program is to investigate a new approach to photovoltaic 
energy conversion, based on the use of thin films of 111-V compound semiconductors. 
The initial effort w i l l  be conducted on single crystal layers of GaAs for the purpose 
of developing the device physics; however, polycrys~ine layers w 5 l l  be used in the 
fihal cell structures. A highly conductive transparent layer of degenerate tin-oxide 
will be evaluated as the upper contact for this structure. 

This program of materials and device development w i l l  be conducted simultaneously 
with one of device characterization. This is a newly-initiated program. 

Discussion 

Figure 1 shows the concept for the proposed approach. Deta1l.s arp ee  fcrllow~; 

1. A molybdenum or tungsten substrate will be used, for good thermal expansion 
match. High tapera-t;lrse  treatment.^ will be used to enhance its grain struclure, an& 
to remove surface oxides. An in-situ HC1 etch will p r ~ p r e  the surfaae for the dep-  
sition of sdconductor layers. 

2. Interface layers of degenerate GaAs, InAs, or .graded GaInAs will be used, 
followed by the working layers of GaAs. . !The function of this interface layer is to 
provide a low resistance contact to the working layer. Metalorganic processes for . . 

vapor deposition are proposed for all layers. These result in exothermic reactions, 
with high efficiency of chemical conversion. In addition, adherent films"can be grown 
on metallic substrates using these materials. All of the components (trimethylgallturn, . 
triethylindium, and arsine) can be readily transported to the reaction chamber without 
previous equilibrating of the sources. Thus, it is possible to grow both successive as 
well as graded layers with rapid turn-around time by this method. 

. . . . 

3. .Both thermal and anodic methods w i l l  be investigated for 'growth of the inter- 
face oxide layer on the GaAs surface. 

4. The upper layer of doped tin-oxide will be g r m  by the oxidation of tetra- 
methyltin and phosphine gas. Arsine will be considered as an alternative doping source.' 

heat treatment w i l l  be used to increase the electrical conductivity of the tin- 

5 .  Evaporated contacts w i l l ,  be used during this program. Possibilities available 
to us are aluminum, gold, palladium, and chromium. A cover layer of phosphosilicate glass 
may be eventually used for an -ti-reflective coating. The composition of this layer can . . 
be adjusted to minimize thermal mismatch with GaAs. 

6 .  Cell characterization will be conducted initially on single crystal substrates. 
Bnphasis will be placed on,measurement of the interface state density so that techniques 
can be developed for its control. Work characterization will be extended to poly- 
crystalline substrates asithe program advances. 

Previous Activities 

Figure 2 shms the' reactor system. currently in use at Rensselaer. . hridence df our 
capability for growthjof 3/5  compounds is shown in Figs. 3-5. Figures 3 and 4 show 



mobility vs. carrier concentration of GaAs and InAs respectively, achieved by us in this 
system (~ef s. 1,2). Material quality, as judged by this data, is comparable to that 

' 

obtained by the halide process. Figure 5 shows the composition of GaInxAs which have 
been grown in our system (Ref. 3). Note that the full range 0 5 x ( 1 can be achieved. 

Growth and properties of the doped tin-oxide layer are sho~m in Figs. 6-7. Figure 
6 shows the conductivity vs. PH /TMT ratio obtained in our system (~ef. 5). Figure 7 3 shows the conductivity of doped and'undoped Sn02 as a function of annealing temperature. 
Resistivities as low as .003 ohm-cm have been achieved by us (~ef. 5). 

Phosphosilicate glass layers have been grown with a full range of expansion coeffi- 
cients to mtch that of GaAs. Measured data on our films is. shown in Fig. 8 (Ref. 6), to 
show the compositional range we have achieved. 

Schottky structures on GaAs have been made with gold and aluminum gates at Rensselaer. 
Figure 9 shows the guard ring structure used to avoid surface leakage, as well as the test 
circuit. Evidence of our diode quality is shown in Fig.lO. Figure 11 shows interface 
state density data for this diode, and establishes our ability to perform these measure- 
ments (~ef. 7). 

Relevant Rensselaer Publications 

1. GaAs: J. Crys. Growth, 26, 314 (1974). 
2. InAs: JECS, 121, 1642 (1974). 
3. GaInAs: J E W  122, 683 (1975 ); JAB, 46, 3941 (1975)- 
4. ' In-situ Etch: JECS, 1378 (1915): . . 

5.  Sno2: JECS, 123, 941 (1976). 
6. Si02 and P 0 -s~o;: JAP, 990 (1973); IEEE WED, 0-21, 410 (1974). 

2 5 
7. Interface States: SSE, 9 (acceptea) (1976). 

Current Efforts and Future Plans 

1. A new reactor has been designed and is presently under construction. 

2. - Equipment is being set up for deep level transient spectroscopy measurkents. 

3. A simple solar simulator has been set up for laboratory use. 

4. Reliminary 'diode structures of Sn02-GaAs have been fabricated during the past 
two months. These are being characterized both electrically q d  optically. Experiments 
are under way to determine the manner in which the oxide interface should be formed,. 
together with its effect on the properties of the cells. 

5. Experiments have begun on the growth of polycrystalline films of GaAs. 

Future plans are to extend the work along the above lines. 
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Ga In As 
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THIN FILMS OF GaAs O N  LOW COST SUBSTRATES 

U.S. E N E R G Y  RESEARCH AND DEVELOPMENT ADMINISTRATION 

C o n t r a c t  Number: E(04-3)  -1202 

P e r i o d  o f  G r a n t :  J u l y  5 ,  197.6 t o  Sep t embe r  4 ,  1976  

v a l u e  o f  d r a n t :  $226 ,634  

P .  D .  Dapkus 

P r i n c i p a l  I n v e s t i g a t o r  

ROCKWELL INTERNATIONAL 
E1ec t r : on i c s  Res 'earch D i v i s i o n  

3370 Miraloma Aven'ue 
Anaheim, C a l i f o r n i a  92803  

P r e s e n t e d  a t  t h e  N a t i o n a l  S o l a r  P h o t o v o . l t a i c  Program Review M e e t i n g  

August  3 - 6 ; . 1 9 7 6  

U n i v e r s i t y  o f  Maine a t  Orono .  

Orono,  ,Maine . 9.4.4.73 ' . 



A B S T R A C T  

A p rog ram t o  a p p l y .  t h e  m e t a l o r g a n i c  c h e m i c a l  v a p o r  

d e p o s i t i o n  t e c h n i q u e  (MO-CVD) t o  t h e  g rowth  o f  t h i n  f i l m s  

o f  GaAs ' a n d  GaARAs . on  low c o s t  s u b s t r a t e s  i s  b e i n g  p u r s u e d  

a t  Rockwel l  , E R D  D i v i s i o n .  T h e . o b j e c t i v e  o f  t h i s  p rog ram 

i s  t o  d e v e l o p  d e p o s i t i o n  t e c h n i q u e s  o n : s e l e c t e d  low c o s t  

s u b s t r a t e s  and  improve  t h e  p r o p e r t i e s  o f  t h e s e  f i l m s  s o  t h a t  

h e t e r o j u n c t i o n  t h i n  f i l m  s o l a r  c e l l s  w i t h  AM1 e f f i c i e n c y  o f  

10% can  b e  f a b r i c a t e d .  F i v e  main a r e a s  o f  i n v e s t i g a t i o n  

have  been  i d e n t i f i e d  and a r e  b e i n g  p-ursued t o  a c h i e v e  t h e s e  

g o a l s .  They a r e :  1 )  s e l e c t i o n ,  e v a l u a t i o n  and deve lopmen t  

o f  s u b s t r a t e  m a t e r i a l s ,  2 )  deve lopmen t  o f  t .he CVD p r o c e s s  

f o r  t h e s e  s u b s t r a t e s ,  3 )  e v a l u a t i o n  o f  t h e  p r o p e r t i e s  o f  

t h e s e  f i l m s ,  4 )  f a b r i c a t i o n  and e v a l u a t i o n  o f  e.xperirne.nta1 

d e v i . c e s ,  and 5.) a n a l y s i s  and p r o j e c t i o n  o f  c e l l  f a b r i c a t i o n  

c o s t s .  . 

, S e v e r a l  ' c a n ' d i d a t ~ e  s u b s t r a t e s  h a v e  b e e n  i d e n t i f i e d  and  

p o t e n t i a l  s u p p l i e r s  have  b e e n  c o n t a c t e d .  The c a n d i d a t e  s u b -  

s t r a t e s  f a l l  i n t o  f o u r  m a j o r  c a t e g o r i e s :  1 )  s i n g l e  c r y s t a l  

s , u b s t . r a t e s  t o  b e  u s e d  f .or  e s t a b l i s h i n g  p r e s e n t  c a p a b i l i t y  o f  

t h e  M O - C V D ,  e . g . ,  GaAs, Ge and A R 2 O 3 ,  2 )  p o l y c r y s t a l l i n e  

a l u m i n a s ,  3 )  m e t a l s  and m e t a l  f i l m s ,  e . g . ,  Kovar ,  Mo, W ,  

4 )  g l a s s e s  and  g l a z e d  c e r a m i c s .  I n  a d d i t i o n ,  c o m p o s i t e s  o f  

t h e s e  c a t e g o r i e s  w i l l  b e  c o n s i d e r e d  i s  n e c e s s a r y .  



I n i t i a l  r e s u l t s  i n d i c a t e  t h a t  d o p i n g  o f  p - t y p e  GaAs 

o v e r  t h e  r a n g e  5 x 1 0 ~ ~  t o  c a n  b e  a c h i e v e d  w i t h  

d i e t h y l z i n c  a s  t h e  d o p a n t .  Methods  a r e  b e i n g  i n v e s t i g a t e d  

t o  e n s u r e  good c o n t r o l  o f  t h e  d o p i n g .  . . 

.. . D e p o s i . t i o n s  o f  GaAs on Kovar ( F e , N i , C o )  a l l o y  h a v e  ' 

b e e n  p e r f o r m e d  a t  730°C, 610°C, a n d  536OC. A t  t h e  two 

h i g h e r  t e m p e r a t u r e s  c o n s i d e r a b l e  i n t e r a c t i o n  bet 'ween t h e  

f i l m  and s u b s t r a t e  a r e  o b s e r v e d .  The f i l m  g r o w t h  a p p e a r s  
. . 

t o  c o n t a 5 n  l a r g e  c r y s t a l l i t e s  (%5vm) o f  GaAs i n t e r s p e r s e d  

w i t h  a n o t h e r  p h a s e  o f  N i - r i c h  m a t e r i a l . '  A t  536"C, o n l y  

" h a i r  l i k e "  f i l a m e n t a r y  g r o w t h  o c c u r s  nn  Kovar. 

Work d u r i n g  t h e  n e x t  p e r i o d  w i l l  i n c l u d e  t h e  g r o w t h  

f a b r i c a t i o n  and  e v a l u a t i o n  o f  s i n g l e  c r y s t a l  h e t e r o j " u n c t i o n  

s o l a r  c e l l s  t o  e s t a b l i s h  p r e s e n t  c a p a b i l i t i e s  o f  MO-CVD f o r  

p r o d u c i n g  h i g h  e f f i c i e n c y  s o l a r  c e l l s .  

. A c t i v i t y  w i l l  c o n t i n u e  on s u b s t r a t e  m a t e r i a l  s e l e c t i o n  

and d e v e l o p m e n t  a n d  f i l m  g r o w t h  on p r o m i s i n g  s u b s t r a t e s  

w i l l  b e  p u r s u e d .  The g r o w t h  p r o c e s s  w T 1 1  b e  m o d i f i e d  a s  

n e c e s s a r y  t o  e n s u r e  o p t i m a l  g r o w t h  on t h e  v a r i o u s  s u b s t r a t e s .  

Once o p t i m a l '  c o n d i t i o n s  h a v e  b e e n  a c h i e v e d  on a  p r o m i s i n g  

s u b s t r a t e  m a t e r i a l s  t h i - n  f i l m  s o l a r  c e l l s  w i l l  b e  f a b r i c a t e d  

t o  a s s e s s  t h e  u l t i m a t e  s u i t a b i l i t y  o f  t h e  f i l m / s u b s t r a t e  

c o m p o s i t e  f o r  e n e r g y  c o n v e r s i o n  a p p l i c a t i o n s .  



THIN FILMS OF GAAS ON LOW COST SUBSTRATES 

ERDA CONTRACT NO, E(O4-3) -1201 



OVERALL OBJECTIVE OF PROGRAM 

TO INVESTIGATE THE DEPOSITION OF THIN FILMS' OF GAAS AND 

GAALAS BY THE METALORGANI c CHEMICAL VAPOR DEPOSITION TECHNIQUE 

(NO-CVD) ON LOW COST SUBSTRATES AND TO PERFECT THE PROPERTIES 

OF THESE FILMS TO THE POINT THAT 10 PERCENT A M 1  EFFICIENCY 

HETEROJUNCTION SOLAR CELLS CAN BE CONSTRUCTED, 

2, CVD EXPERIMENTS AND .PARAMETER STUDIES 



PLANNED ACTIV ITY  TO DATE 

I, SUBSTRATE SELECTI ON, EVALUATION AND DEVELOPMENT, 

A,  I D E N T I F Y  P O T E N T I A L L Y  USEFUL LOW COST SUBSTRATE 

MATER I A L S  

B, CONTACT SUPPLIERS TO S O L I C I T  T H E I R  COOPERATION I N  

SUBSTRATE SUPPLY AND DEVELOPMENT . . . . 

Ca E S T A B L I S H  EVALUATION AND SCREENING PR0,CEDURES FOR 

SUBSTRATE MATERIALS 

11. CVD EXPERIMENTS AND PARAMETER STUDIES 

Am B E G I N  CONSTRUCTION OF DEDICATED REACTOR 

B. , BEGIN DOPING STUDIES OF N AND P TYPE GAAS AND 

111, FILM PROPERTY EVALUATION 

A ,  . I D E N T I F Y  P O T E N T I A L L Y  USEFUL CHARACTERIZATION 

TECHNIQUES AND . ACCUMULATE . APPARATUS WHERE NECESSARY 

B 1 B E G I N  STRUCTURAL AND E L E C T R I C A L  EVALUATION 'OF F I  LMS 

Am I D E N T I F Y  USEFUL . D E V I C E  . STRUCTURES . 

B 8 I D E N T I  FY USEFUL CHARACTERIZATION TECHNIQUES AND 

ACQUIRE NECESSARY APPARATUS 

. . 

BEGIN PRELIMINARY ESTIMATES . OF . COSTS BASED . . ON OPTIMISTIC . . 

ASSUMPTI ON OF C E L L  PERFORMANCE AND MATERIALS COST 



H2 BURN OFF 

VACUUM 

REACTOR 

Schunntlc of Doporltlon Appnratur 



4, CHE~II CALLY COMPATIBLE WITH FILM GROWTH TECHNIQUE 

ANC .PROVIDE NO COKTAMINATION OF FILM 



REPFlESENlATlVE APPROXIMATE 
COST FOR RELATIVELY 

LARGE QUANTITIES 

$0.031/ia.2 (12" x 1 4  sheet) as draw11 
~0.221ia.~ (1 0,000 4" x 4") as drawn 

THERMAL EXPANSlllN 
COEFF (TEMP RANGE) I (10 .~  PER U t t i  C) SURFACE HUUllllNESS 

SUBSTll ATE 
IDENTIFICATION 

NOMINAL 
PURITY (%I 

Corning 0221 
031 7 
1723 
7059 

Litne Borosilicate 
AIIIIIIIII~ Soda Li111e 
Alun~inosilici~tr 
Barit1111 Alustiso- 

tl~rosilicale 

- 
$0.1 11ir2 (144 sq in.) polbhcd , S0.04lin.~ (168 sq in.) as drrwn 

Coors AUS96F 
ADS995 
V i t a l  

MRC Suplrrstrate 1 Aluntina 

31111 ASM614 
ASM772 
ASM624 
W1743 Glaze 
ASM8OS 
ASM665 

Alun~ina 
Alunliea 
Lead Borosilicate 
on Alulnina 
A l u m i ~ ~ r  
Steatite 

Tungsten I WSl~eetorFoi l  . I 5.0(25-700 C) I I I $-4OIlb 

Motybdenun~ I Y o  Sl~eet or Foil I 6.0125-700 C) I 
N i t o - F e  Alloy 
Foil or Sllcet 

Kovar 

$2.25/in.l( 3000 

$5 81it1.~ 

$llin?(1/7 111. wide r~bbott) 
$2.391111.~ (1  0,000 sq 11,. wit11 G ~IIIIS) 

Cc 

CaAs 

Sapphire 



Schematic of Dcpo)~ i*  ion -4pparntu s 

Research Reactor for MO-CVD Growth of 111-V ~emtco&tors 



GaAs FILM ON RODAR (KOVAR) 

730'~ 



+ SECONDARY' ELECTRON IMAGE 
G ~ A S / R O D A R ( ~ ~ O O C )  

+ N i  Ka XRAY IMAGE 



H S :  2 0 E V / C H  

XRAY ANALYS [S  OF GaAs ON RODAR FILM 



PLANNED ACTIVITY FOR 8/5/76 TO 2/5/77 

SUBSTRATE MATERIAL SELECTION, EVALUATI ON AND DEVELOPMENT 

A, CONTINUE TO IDENTIFY MATERIALS AND CONTACT 

POTENTIAL SUPPLIERS 

B I  INVESTIGATE EFFECT OF SUBSTRATE PREPARATION AND 

PURITY ON F I L M  PROPERTIES 

CVD EXPERI MENTS AND GROWTH PARAMETERS 
; d ; t : l -  I -  8 -  

i!#, 6- g7 *j-. \-!i 
A, CONSTRUCT DEDICATED REACTOR FOR PROGRAM 

BI  F I N I S H  DOPING STUDIES 

Cs GROW N ON P AND P ON N SINGLE CRYSTAL HETEROSTRUCTURE 

SOLAR CELLS 

Da CONTINUE TO INVESTIGATE F I L M  GROWTH ON LOW COST 

SUBSTRATES 

En GROW T H I N  F I L M  HETEROSTRUCTURE SOLAR CELLS ON 

PRUMISING SUBSTRATES 

A, CONTINUE APPLYING AVAILABLE STRUCTURAL AND ELECTRICAL 

MEASUREMENT TECHNIQUES AS NEEDED TO DETERMINE F I  LM 

PROPERTI ES 

B, INVESTIGATE DOPING DEPENDENCE OF MINORITY CARRIER 

DIFFUSION LENGTH IN SINGLE CRYSTAL GAAS USING THE 
SPECTRAL DEPENDENCE OF THE PHOTOCURRENT OF SCHOTTKY 
BARRIERS AND EBIC MODE 

C8 INVESTIGATE MINORITY CARRIER PROPERTIES OF POLY- 

CRYSTALLINE FILMS 



SUMMARY 

AND SUPPLIERS HAVE BEEN CONTACTED TO S O L I C I T  T H E I R  

COOPERATION I N  T H I S  PROGRAM . .  

. . .  

2, , CVD EXPERIMENTS TO DETERMINE DOPING CALIBRATION OF SYSTEM 

GAAS OVER THE RANGE 5 x 1 0 ~ ~  C M - ~  TO "2~10 19' C M - ~ .  USING 

D I E T H Y L  Z I N C  AS A DOPANT SOURCE HAS BEEN DEMONSTRATED 

3, CVD EXPERIMENTS HAVE BEGUN TO GROW GAAS ON KOVAR AS A 
. .  . 

F I R S T  SUBSTRATE  CHOICE'^ INITIAL RESULTS I N D I C A T E  SUBSTANTIAL 

WILL BE SHORTLY 1 



I V ,  FABRICATION AND EVALUATION OF EXPERIMENTAL DEVICES 

A,  DEVELOP F A B R I C A T I O N  TECHNIQUES FOR T H I N  F I L M  

POLYCRYSTALLI  NE H E f  EROSTRUCTURE CELLS 

B, CONSTRUCT AND EVALUATE S I N G L E  CRYSTAI.. HETERO- 

STRUCTURE SOLAW CELLS cr,' vOC; FF# SPECTRAL 
RESPONSE) 

C ,  CONSTRUCT AND EVALUATE POLYCRYSTALLINE HETERO- 

STRUCTURE SOLAR CELLS 
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I. Objective 

The objective of this program is to conduct intensive studies concern- 

ing thin films of gallium arsenide on low cost substrates as an initial step 

for the fabrication of low cost solar.cells of relatively high efficiency. 

The areas of studies are: (1) the selection and the preparation of low cost 

substrates, (2) the deposition of gallium arsenide films on the substrates, 

(3) the characterization of the gallium arsenide films, (4) the control of 

conductivity type and carrier concentration in gallium arsenide films, and 

(5) the preparation, characterization, and optimization of galllum arsenide. . . 

p-n junctions and solar cells, 

11. Rr~gram Plan ' 

. . 
The initial phase of this work will be directed to the selection of sub- 

strates and the deposition of gallium arsenide f ilhs. 

1. Selection of Substrates. The requirements of the electrica1,chemi- 

cal, and mechanical properties of foreign substrates for the deposition of 

gallium arsenide films are fairly well established. Since it is desirable 

to have large crystallites in gallium arsenide films, the crystal symmetry, 

lattice parameters, and crystallite size in the substrate are also important 

factors. Germanium has the same crystal symmetry as gallium arsenide, and 
0 

the lattice parameter and thermal expansion coefficient of germanium (5.657 A, 

5.9 x a very similar :to :those df gallium arsenide . (5.654 'i 
6 . 8 ~  OC-I). Thus, germanium is a suitable substrate for the deposition 
of gallium arsenide films. Although germanium is not a low cost substrate, 

polycrystalline germanium. films can. be 'deposited on a .low. cost . support, such 

as graphite and metallurgical silicon, by the thermal reduction of germanium 

tetrachloride. The deposited germanium films can then be recrystallized to 

yield large crystallites. . 

In addition to recrystallized germanium.films, the use of tungsten 

films :>n a low cost support (graphite or steel) as a substrate for the de- 

position of gallium arsenide will also be investigated. Tungsten crystal- 
0 

lized in the body-centered cubic structure with a lattice parameter of 3.165A 
-1 and thermal expansion coefficient of 4.5 x OC . Gallium arsenide 

films with a high degree of orientation has been deposited on single cry- 

stalline tungsten substrates. Tungsten can be readily deposited by the 

thermal reduction of tungsten hexafluoride with hydrogen at about 500°c. 



' 2. Deposition of Gallium Arsenide Films. Gallium arsenide films 

will be deposited by the chemical vapor deposition technique using the 

' reaction between gallium,hydrogen chloride, and arsine in a gas flow system. 

A two-zone, resistance-heated furnace will be used to maintain gallium at 

800-900°C and the substrates at about 50°C lower. Two reactions are in- 

volved: the formation of gallium monochloride at the high temperature zone, 

and the reaction of gallium monochloride and arsine at the substrate sur- 

face .' 

The conductivity type and carrier concentration in the deposited film will 

be'controlled by using hydrogen sulfide as the n-type dopant and zinc or 

diethylizinc as the p-type dopant. It is believed that this process will 

permit 'the preparation of large area gallium arsenide. films of uniform 

thickness and properties and controlled dopant concmtration. 

The structural and electrical properties of gallium arsenide films 

will be characterized by the conventional techniques. During:the early 

stage of this program, emphasis will be directed to the microstructure. of 

the gallium arsenide films. When gallium arsenide films of reasonable micro- 

structure can be prepared reproducibly, the structural properties of gal- 

lium arsenide films wlll be evaluated in more. detail, and their electrical 

properties such as dopants concentration, uniformity of dopant distribution, 

and Hall mobility will be measured. The characterization work will be 

closely coordinated with the material preparation task to optimize the pro- 

perties of gallium arsenide films. 

Subsequent to the development of gallium arsenide. films of 'reasonable 

structure and electrical properties, the preparation and characterization 

of p-n junctions and solar cells will be formulated. 
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THIN FILMS OF GALLIUM ARSENI DE ON LOW-COST SUBSTRATES 
LNTRODUCTI ON 

0 OBJECTIVE: To conduct intensive studies of gallium arsenide f i lms on  low cost substrates 
as an in i t ia l  step for  the fabrication of low cost solar cells of relatively h igh 
efficiency.. . 

Q Selection and preparation of substrates. 

Q Deposition of gallium arsenide films. 

0 Characterization of structural, electrical, and mechanical properties of gallium 
rb arsenide films. 

@ Control of conductivity type and carr ier  concentration in gallium arsenide films. 

Q Preparation and characterization of thin f i lms gallium arsenide p-n junctions 
and solar cells. 



THIN FILMS OF GALLlUhI ARSENI DE ON LOW COST SUBSTRATES 
SELECT1 ON OF SUBSTRATES 

0 REQU I REMENTS: Compatible with gall ium arsenide in chemical,,' electrical, mechanical, 
and st ructura l  properties 

0 PROPOSED SUBSTRATES: 

0 Germanium (recrystallized)lbw cost support (graphite, metallurgical silicon, etc. 1 

0 Large gra in tungstenllow cost support (steel, etc. 1 



JH IN  FILMS OF GALL1 UM ARSENI DE ON LOW COST SUBSTRATES 
SELECT1 ON OF SUBSTRATES 

0 MATER I AL PROPERTIES: 

Crystal Structure I Zincblende. I Diamond . ] ~ o d ~ - c e n t e r e d  Cubic 

GaAs 

0 

l nteratomic Distance, A 1 2.448 1 2.449 I 
1 2.741 
I 

Ge 

Lattice Parameter, i. 

Thermal Expansion Coeff., OC 6.8 x 1 5.9 x 1 4.5 x 

W 

Chemical Reactivity. . C 

5.654 

Electrical P roperty 

5.657 

donor in GaAs 
ionization energy: 
40 meV 

3.165 

GeAs 737O~ 
GeAs2 732O~ 
continuous solid 
solution with Ga 

'1 u 
w  WAS^, W4As5, W ~ A S  w 

iner t  toward Ga 



THIN F I  UVIS OF GALLIUM ARSENI DE ON LOW COST SUBSTRATES 
PREPARATION OF SUBSTRATES 

8 DEPOS l T l  ON OF GERMAN l UM ANBI TUNGS,TEN ON LOW COST SUPPIORTS: 



THIN FILMS OF GALLIUM ARSENI DE ON LOW COST SUBSTRATES 
' DEPOSITIONOFGALLIUMARSENIDEFIUV\S 

. SCHEMATIC DIAGRAM: 

8 REACTIONS: 

TO 
EXHAUST 

GaC I(g) + AsH3(g1 + GaAs(s) + HC 1(g) + Hz($ 



THIN FILMS OF GALLIUM ARSENI DE ON LOW COST SUBSTRATES 
CHARACTER I ZATI ON OF GALL! UM ARSEN I DE FI LMS 

0 STRUCTURAL CHARACTER I ZATI ON: 

0 Chemical etching and optical microscopy 
0 X-ray diffraction 
8 Scanning electron microscopy 

8 ELECTR I CAL CHARACTER I ZATI ON: 

0 Carr ier mobility and concentration by Hall measurements 
0 Dopant profile by differential capacitance measurements 

1. 1 

. . . . 



THIN FILMS OF GALLIUM ARSENIIDE ON LOW COST SUBSTRATES 
PLANNED ACTIVI.TY FOR NEXT SIX MONTHS 

0 Deposition of germanium on  graphite and metallurgical sil icon and the recrystallization 
of germanium films. 

Deposition of tungsten f i lms on steel. 

0 Deposition of gall ium arsenide f i lms on  germanium (recrystaIlized)lsupport and tungsten1 
steel substrates. 

0 Characterization of s t ructura l  and electrical properties of gallium arsen ide f i  lms. 



SI L i  CON SCHOTTKY PHOTOVOLTAI c DIODES 

FOR SOLAR ENERGY CONVERSION 



SILICON SCHOTTKY PHOTOVOLTAIC DIODES FOR 
SOLAR ENERGY 'C'OWE'R'SI'ON 

Wayne A. Anderson 
Electrical Engineering Department 

Rutgers University 
New Brunswick, NJ 08903 

Schottky barrier solar cells (SBSC) on <loo>, p-type silicon 

are fabricated by thermal evaporation with an A1 ohmic contact and 
0 

40-50 A Cr Schottky metal. A 10-20 R oxide between Si and Cr. makes 
this a MIS device in which tunneling occurs through the oxide. Cur- 

rent research is directed towards achieving a 12% efficiency on 2-6 

cm2 cells by increasing fill factor from 0.65 to 0.75 and short cir- 

2 cuit current density from 22 m~/cm' to 28 mA/cm .. 

Open-circuit voltage can be consistently designed for 0.52- 

0.58 V by controlling Cr deposition parameters (Figures 1 and 2). 

Illuminated solar cells now' give I-V data showing promising values 

of Voc, JSc, and F (Figure 3). Experimental data now conform well 

to the theoretical equations 

and 

such that experimental and measured values of Ob are in good agree- 

ment (Figure 4). Furthermore, $. for Cr is calculated to range from 



4.01 to 4.24 eV which is significantly less than the bulk value 

of 4.55 eV. This lowered $m contributes to a high Voc, and is 

controlled by deposition procedures as well as the oxide substrate. 

The diode n-factor value agrees well with that predicted from oxide 

thickness -(6) and surface state factor (DS) as given by 

(Figuro 5 ) .  \ 

SBSCts on Tyco silicon exhibit promising values of JSc and F 

(Figure 6). Tests at,NASA agree well with AM1 data obtained on the 

same cells at Rutgers (Figure 7). Auger analysis (Figure 8) shows 

that the Cu conductive me.tal does not penetrate the Cr barrier metal 
0 

for a >30 A Cr film thickness. Environmental studies, by continuous 

operation of SBSC's in sunlight do not yet show evidence of junction 
,-< 

degradation [Ftgure 9). The voltage is expected to d.ac.rease by 2.3 ~v/'c 

atihigher temperatures which has been observed by tests during the 

warmer months. Optical constants have been calculated for thin films 

of Ag, Cr, Cu, and SiO on glass based on experimental values of reflec- 

tance and transmittance (Figures 10-13). These constants may then be 

used in a computer program to predict spectral response in good agree- 

ment with experimental results. 



. . . . . . . .  

METHODS. THIS I S  TO B E  ACCOMPLISHED THROUGH O P T I M I Z A T I O N  OF 

. . 
S T U D I  E S j  AND F I L L  FACTOR BY D E P O S I T I O N  S T U D I E S  , FURTHER 

. . . . . . .  

S T U D I E S  INCLUDE ENVIRONMENTAL EFFECTS)  T H I N  E P I T A X I A L  S I L I C O N  

F I L M S )  SURFACE EFFECTS, NEW SOURCES OF S I L I C O N ,  AND CORRELA- 

. . 

T I O N  OF DATA FROM E L E C T R I C A L  MEASUREMENTS, 



. . .  . . 

CONTINUE I ON BACKSCATTER I'NG AND SEM SURFACE. ANALYSI s , 

FABRICATE l ox  SOLAR CELLS 1 

. . . . . . . . . . 

COMPUTER CALCULATION OF N AND K FOR T H I N  METAL F I L M S  USING . .  . 
MEASUREMENT OF R AND T VS,  A',' 

SEND CELLS TO NASA FOR T E S T I N G ,  

. . 

CALIBRATE THE ELH SOLAR SIMULATOR, 

CONTINUE STUD1 E S .  OF BONDING, ENCAPSULATIONJ ENVIRONMENTAL 
. . 

EFFECTS AND CONCENTRATION, 



TIME (SEC'ONDS) 
I 

. - FIG, 1-SHEET RESISTANCE OF. 

50 1 EVAPORATED, CR ON GLASS 

AS A .FUNCTION OF D E P O S I T I ' O N  

TTME, . . 





FIG, 3-I-V DATA WITH AM1 
ILLUMINATION, 



BARRIER HEIGHT AND WORK FUNCTION DATA FOR 
SCHOTTKY (MIS) SOLAR CELLS 

THEN OM = 4,95 - 0.21 N - Voc 

VOC = OPEN C I R C U I T  VOLTAGE 

N = DIODE QUALITY FACTOR 

$g = BARRIER HEIGW 

0, = METAL WORK   UNCTION 

U S I N G  '(19'' '.USTNG" (2) 



FIGURE 5 
. . .  . . 

RELATIONSHIP BETWEEN N-FACTOR# SURFACE STATE FACTOR (Y) SURFACE STATE 

DENSITY D AND OXIDE THICKNESS (6)  

5,3x1012 3 2 . 6 i  <loo>,  ~ O M I N H , T ,  
24x10'~ 8 <110>, TYCO 

USING SHORT H,T'; 





FIGURE 7 

SOLAR ENERGY .DATA COMPARED FOR-RUWERS AND NASA 

O',' 54 0, 531 

A) TESTED I N  NEW JERSEY SUNLIGHT 8 < 2 2 ~ ' ;  
B) TESTED USING 100 MW XENON SIMULATOR B 28' C ,  

C) OUR CALCULATIONS EXCLUDE THE GRID AREA WHICH W I L ~  BE . . 
SIGNIFICANTLY DECREASED I N  THE FUTURE, 















SUMMARY 0F.XEY-RESUI:TS 

THE EQUATION VOC = 4,95-0.215~-4~ PREDICTS THAT LOW N AND 

t, HIGH VOCn 

tM IS < BULK VALUE FOR CR AND DEPENDS ON OXIDE INTERFACE 

AND DEPOSITION RATE, 

4. SCHOTTKY CELLS ON TYCO SILICON EXHIB IT  GOOD VOC AND F8 

5, AUGER ANALYSIS SHOWS CU TO NOT PENETRATE CR, 

6, ENVIRONMENTAL TESTS DO NOT YET SHOW JUNCTION DEGRADATION, 

7, OPTICAL CONSTANTS ARE NOW AVAILABLE FOR CR, CU, Ac, AND SIO, 

8, THERE I S  GOOD AGREEMENT BETWEEN EXPERIMENTAL AND CALCULATED 

%- 

SPECTRAL RESPONSE DATA, 



j 

. . .  

PLANNED. ,ACTIVITY -FOR NEXT:-6..!ONTHS 
. . 

2 ,  EXAMINE CONDUCTIVE AR COATINGS, . . 
c-7- 

. . 

4, S T U D Y N E W T Y P E S O F S I L I C O N ,  

. . .  
5,  STUDY OTHER SCHOTTKY METALS, 

6, CONTINUE STUDIES OF BONDINGj  

EFFECTS, 

ENCAPSULATIONI AND ENVIRONMENTAL 
. . 
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ABSTRACT 

I. OBJECTIVE 

The o b j e c t i v e  of c h i s  research  is  t o  i n v e s t i g a t e  t h e  material systems. which 

may b e  use fu l  f o r  t h e ' f a b r i c a t i o n . o f  l o w  c o s t ,  e f f i c i e n t  he t e ro junc t ion  s o l a r  
, 

c e l l s .  The a c t i v e  s u b s t r a t e  of p r i n c i p a l  i n t e r e s t  i s  S i ,  in. bo th  s i n g l e  c r y s t a l -  

1 i n e . a n d  p o l y c r y s t a l l i n e  form., Because Sn02/Si cel1.s of  10% e f f i c i e n c y  a t  A M 1  

have been f ab r i ca t ed ,  t h i s  system appears  t o  hold promise, although degradat ion 

of t h e  c e l l s  has  been observed. Major ob jec t ives  of t h i s  e f f o r t  a r e  t o  determine 

t h e  maximum t h e o r e t i c a l  conversion e f f i c i e n c y  of S io2/Si  ,HJSC'S and t o  determine . . 
. . 

i f  t h e  observed degradat ion i.s. i nhe ren t  t o  t h e s e  c e l l s  o r  i f  i t  r.an h e  avoided. 

11. PREVIOUS ACTIVITIES 

I n  a previous   rant (August 1, 1974 t o  J u l y  30, 1975) wi th  INNOTECH Corpora- 

Llon as a subcont rac tor ,  w e  demonstrated t h e  v a l i d i t y  s f  t h e  l reterujunct ion solar .  
. ( , , ,_.: , , ,.,. , . .... . . .: > $+, , , 

c c l l  (IIJSC) collcepL us ing  Si as s u b s t r a t e  and I n  0 and SnO f i lms '  a i .kindd&: In 
2 3  2 

t h e  I n  0 / S i  system, AKL.conversion e f f i c i e n c i e s  of  5 - 6% were achieved, w i t h . a  . .. 
2 3 . . 

. t h e o r e t i c a l  maximum of 11 - 13% predicted.,  I n  t h e  SnO . / ~ i  system e f f i c i e n c i e s  , a i  2 
high  a s  10% were achieved, bu t  t h e  system w a s  no t  s u f f i c i e n t l y  understood t o . p r e d i c t  

. . 
t h e  maximum t h e o r e t i c a l  e f f i c i e n c y  . Degradat ion  e f f e c t s  .we&e a l s o .  observed  i n  t h e . .  . . .. . . 
Sn02/SI HJSC's. , .  . . . .  , 

Between August 1, 1975 and June 1, 1976, t h i k  e f f o r t  was no t  funded. Al thouih .  

work d i d  c o n t i ~ u e ,  i t  was 'st an apprec iab ly  reduced l e v e l  and was confined t o  inves t -  

i g a t i o n  of those  c e l l s  ' f ab r i ca t ed  on t h e  p rev ious ,  NSF grant .  . , 

) .  

111. CURRENT ACTIVITIES . . , . 

We a r e  cu r r en t ly  i nves t iga t ing  t h e  s t a b i l i t y  'of c e l l s  on hand wi th  r e spec t  t o  . 
. . . . 

t h e  n a t u r e  of t h e  s u b s t r a t e  (nonocrys ta l l ine  o r  p b l y c r y s t a l l i n e )  ,. . 'the type of .  stress 
. . 

' ( o p t i c a l ,  thermal,  o r  ambient.). W e  - a r e  a l s o  inve$ t iga t fng  t h e  ;effects '  on . e l t i c t r i c a l  
' 

c h a r a c t e r i s t i c s  and. on conversion e f f i c i e n c y  of t h e  t h i n  i n t e r f a c i a l '  l a y e r  between 

window and subs t r a t e .  
. . 

I V .  SUMMARY OF KEY' RESULTS . . .  

A) A t h i n  i n s u l a t i n g  ( I )  . l a y e r  between window and s u b s t r a t e  cari i nc rease  con- .. . . 

ve r s ion  e f f i c i e n c y ,  (91, by t h e  reduct ion  o f  t h e  dark  s a t u r a t i o n  cur ren t , .  ( I o ) ,  

through c a r r i e r  r e f l e c t i o n  a t  t h e . i n t e r f a c e .  The presence of bound . i n t e r f a c e  charge ... 

(Qss) can a l s o  a f f e c t  I and thus V and n through its e f f e c t  on '  t h e  S i  i n t e r f a c e  
0 OC . '  

p o t e n t i a l  (@s) .  I n  t h e  system s tudied ;  t h i s  i n t e r f a c e  charge appears  t o  b e  p o s i t i v e .  . 

A s  a consequence t h e  V of HJSC's u s i n g # - t y p e  S i  s u b s t r a t e s  i s  enhanced whi le  thz 
0 c 

f o r  c e l l s  u s ing8- type  S i  s u b s t r a t e s  is  reduced. 



B) This I l a y e r  a l s o  impedes the  t r a n s f e r  of photo-generGed. c a r r i e r s  ac ros s  t h e  

junc t ion . r eg ion ,  thus increas ing  recombination at. t h e  expense of t h e  photocurrent .  

This photocurrent  suppression increases  wi th  l i g h t  i n t e n s i t y  and may p r e c l u d e  t h e  u s e  

of t h e s e  c e l l s  i n  systems using concentrat ion.  

C) HJSC's with I n  0 and Sn02 windows us ing  good q u a l i t y  ( f l o a t  zone) poly- 2 3 
c r y s t a l l i n e  S i  s u b s t r a t e s  were compared t o  those  us ing  s i n g l e  c r y s t a l  S i  s u b s t r a t e s  

from the  same run and wi th  s i m i l a r  processing.  Those wi th  p o l y c r y s t a l l i n e  s u b s t r a t e s  

(poly-cel ls)  c o n s i s t e n t l y  have l a r g e r  (2 - 7 times) s e r i e s  r e s i s t a n c e  than those  w i t h  

monocrystal l ine s u b s t r a t e s  (mono-cells). The In203 p-Si poly-cel ls  had c o n s i s t e n t l y  1 
l a r g e r  V than t h e  mono-cells whi le  t h e  Sn02/n-Si po ly-ce l l s  had c o n s i s t e n t l y  . 

OC 

smal le r  V than mono-cells. These e f f e c t s  are a t t r i b u t e d  t o  an increased  I - layer  a 

0 C I ,  

th ickness  i n  t h e  poly-cel ls  and a p o s i t i v e  Qss. 

D) No time v a r i a t i o n  i n  t h e  I-V c h a r a c t e r i s t i c s  was observed f o r  I n  0 / s i H J S C ' s , .  
2 3 

exposed t o  ambient labora tory  condi t ions .  Degradation was observed, however, a t  

e leva ted  temperatures (400°C). 

. Many Sn02/S,i IIJSC's do degrade on t h e  s h e l f  a t  rooni. temperature,  and a l l  degrade 

at e leva ted  temperatures.  l%e s e r i e s  r e s i s t a n c e  inc reases  wi th  t ime, and the.Voc 
. r 

may decrease o r  increase .  This degradat ion i s  a t t r i b u t e d  t o  an inc rease  i n  t h e  width 
t : 

of t h e  I- layer .  I l luminat ion  of t h e  c e l l s  tends t o  decrease  t h e  s e r i e s  r e s i s t a n c e  , 

and decrease V . 
O C  

Af te r  an i n i t i a l l y  small  (10-15 mV) change i n  V t h e  I-V c h a r z c t e r i s t i c s  
. oc'  

of uns t ressed  SnO / S i  HJSC's from c e r t a i n  runs have remained cons tan t  f o r  t h e  p a s t  2 
year .  Both encapsulated and unencapsulated c e l l s  show t h i s  s t a b i l i t y ,  although 

some.poly-cells f.rom these  runs show degradat ion.  These r e l a t i v e l y  s t a b l e  c e l l s  

a r e  a l s o  ;those wi th  h igh  e f f i c i ency .  . . 

'v.  mTTURE PLANS . 
. . 

Becuase of t h e  r e l a t i v e  s t a b i l i t y  observed f o r  some s n o 2 / s i  HJSC's, we be l i eve .  

t h a t  s t a b l e  c e l l s  a r e  f e a s i b l e  and we p lan  t o  concent ra te  on f a b r i c a t i o n  processes  . '  

t o  produce..such c e l l s  reproducibly. coupied wi th  t h i s  we w i l l  model s n o 2 / s i  c e l l s  
. . .  

. in '  terms- of phys i ca l  and chemical parameters such t h a t  t h e  c h a r a c t e r i s t i c s ,  includ- 

i ng  s t a b i l i t y ,  can b e  explained. We a l s o  t o  use  .other appxopr ia te  window 

mater ' ials . . . .  . 

. . . . . . 
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DEFI AIT ION OF ' J ~ ~ ,  J ~ ~ , '  V,,AND PHOTOCURRENT SUPPRESSION '. ' ' .  , 



7 65 

FABRICATION: 

A) SPRAY-ON ( A T N  503'~) 

S N C L ~  : S B C L ~  SOLUTION . 

RESULTS ( ' SEVERE PHOTOCURREIT SUPPRESSION 

DARK ' . 

AMI . : 

DARK AND AN1 CHARACTERISTICS OF SPRAY-OW SNO~/N-SI. HJSC' 



E-BEAM EVAPORATION OF ' S N O ~  FOLLONED BY 

HEAT TREATMENT 

RESULTS: 

: 15 - 25 M A / C M ~  JPH : 

: 300 - 400 MV "oc 
Rs : HIGH 

PHOTOCURRENT SUPPRESS ION 

R.F, SPUTTERING OF 1 ~ ~ 0 ~ :  S N ~ ~  IN AR 

(AFTER BACK-SPUTTER1 NG) 

NO APPARENT PHOTOCURRENT SUPPRESSION 



HJSC'S USING POLY-SI SUBSTRATES COMPARED TO SIMGLE 

CRYSTAL SI SUBSTRATES 

Rs LARGER LARGER 

"0 c LARGER SMALLER 

Jsc SPIALLER (SLIGHTLY) SMALLER (SLIGHTLY 

JpH(SAT) SMALLER (SLIGHTLY) SPIALLER ( S t  I GHTLY 

F';F , SMALLER SMALLER 

SllALLER 
. - ,  

SbIALLER 
PHOTO- . . 

CURRENT LARGER . . LARGER 
SUPPRES- . . .  . .  

.SION 
. . 

DEGRA- -- . FASTER 

, T ION 



SINGLE CRYSTAL SI 

~ ' , : = . 1 , 4 . ; f i . ' ,  
' , ' S  . .. . . . * 

:. . 

. . e . = 115 R - ~ ~ .  
. . . SUB 

. , POLYCRYSTAL SI 



SIlGLE CRYSTAL SI ::.:,'.' 

' ?SUB = 2f i -CM 
POLYCRYSTAL :SI 







'THEN 

WHERE 

SO Voc I S  A FUNCTION OF I THICKNESS ( AND CIS,) 



. . . .  

IN*O~/SI HJSC'S: 

NO DEGRADATION ON SHELF 
DEGRADATION AT ELEVATED TEMPERATURE (d 4 0 0 ~ ~ )  

SNO~/SI HJSC'S: 
A) ' DEGRADATION ON SHELF . . 

B) ENHAIiCED DEGRADATION AT ELEVATED TEMPERATURES 
R ,  (NON-LIWEAR) . INCREASES '. 

Voc CAN I WCREASE OR DECREASE 
. . 

C )  WITH  ILLUMINATION^' Rs DECREASES SLOWLY. 
Voc USUALLY ,DECREASES, BUT CHARACTERISTICS 

: RELAX BACK' 1 N HOURS OR DAYS" . . ..,. :: .: :.,!:: 



. 2 .  . . . .  ~ C M  SNO~/N-SI HJSC 

I-V CHARACTERISTlCS IN (B) WERE TAKEN 3 MONTHS LATER 
. . 

.THAN (A), . . .  







72-v AND' I -V  Clt4RACTERISTIC C4PU.1 

FOR "STABLE" Sw!I2/Sr- HJSC (1 m2) 



SUMMARY OF KEY RESULTS 

A) A THIN I CS102?) LAYER I S  PRESENT BETHEEN WINDDM 

AND SI SUBSTRATE AND A FIXEU WSIT IVE)  INTERFACE 

CHARGE IS PRESENT AT THE I/SI INTERFACE, 

B) THIS I LAYER INCREASES THE SERIES RESISTANCE AND 

THUS REDUCES FILL FACTOR, 

C) THIS I LAYER AND INTERFACE CHARGE CAN INCREASE OR 

Dl AN EXCESSIVELY THICK I LAYER CAN CAUSE PHOTO- 

CURRENT SUPPRESSION, 



SUMMARY OF KEY RESULTS (CONT:') 

E) . THE I LAYER I S  LARGER ON HJSCES USING POLYCRYS- 
. . 

TALLINE SI SUBSTRATES,: ' THIS INCREASES R\ AND 
. . . . 

AFFECTS V,, , , ,. 

F) I ' N ~ O ~ / S  I' HJSC 'S DEGRADE ONLY AT ELEVATED TEMPERATURES 

6) MOST SNO~/SI' HJSC'S TESTED DEGRADE ON-SHELF;' THE 

DEGRADATION I S  E N ~ N C E D  AT ELEVATED TEMPERATURES',' 

THIS DEGRADATION I S  THOUGHT TO B E  ASSOCIATED WITH . . . 

:, THE GROWTH OF A N  INSULATING INTERFACE LAYER: 

H I  SN~~ /S I  HJSC'S FROM SOME RUNS ARE STABLE ON-SHELF, 
. . ! 
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I. O b j e c t i v e s  

Even though o x i d e  semiconductor  on s i l i c o n  .(OSOS) s o l a r  c e l l s  began r e c e i v i n g  
s e r i o u s  a t  t e n t  i o n  o n l y  2  y e a r s  ago ,  two l a b o r a t o r i e s . ,  Syracuse  u n i v e r s i t y  ( l )  and 
Colorado S t a t e  u n i v e r s i t y  ( 2 )  have r e p o r t e d  OSOS s o l a r  c e l l s  w i t h  g r e a t e r  t h a n  t e n  
p e r c e n t  e f f i c i e n c y .  The Syracuse  c e l l s  c o n s i s t e d  of t i n  o x i d e s  evapora ted  o n t o  
s i n g l e  c r y s t a l  n- type s i l i c o n  and t h e  Colorado S t a t e  c e l l s  c o n s i s t e d  o f  indium- 
t i n  o x i d e s  s p u t t e r  d e p o s i t e d  o n t o  s i n g l e  c r y s t a l  p-type s i l i c o n .  

The major o b j e c t i v e  of t h i s  program i s  t o  f a b r i c a t e ,  t e s t  and package 2 cm x  
2 cm OSOS s o l a r  c e l l s  of  a t  l e a s t  1 2  percer i t  e f f i c i e n c y  i n  a manner c o n s i s t e n t  
w i t h  c o n t i n u o u s ,  low c o s t  manufac tu r ing  t e c h n i q u e s .    not her majnr nhj e r t i v ~  wi 1 1  
b e  t o  e v a l u a t e  t h e  f i l m s  and s o l a r  c e l l s  made d u r i n g  t h i s  program th rough  a n  
e x t e n s i v e  s e r i e s  of  measurements t o  de te rmine  a n  a c c u r a t e  model of d e v i c e  performance.  
A t h i r d  o b j e c t i v e  i s  t o  use  t h i s  model t o  e v a i u a t e  ( f a b r i c a t i o n  c o s t )  / ( d e v i c e  
performance)  t r a d e o f f s  t o  o p t i m i z e  t h e  c e l l  f a b r i c a t i o n  from t h e  v iewpoin t  of n e a r  
t e rm p r a c t i c a l  v i a b i l i t y  a s  a p h o t o v o l t a i c  energy  s o u r c e .  T e s t i n g  under  t empera tu re  
and b i a s  s t r e s s  w i l l  b e  made t o  e s t i m a t e  d e g r a d a t i o n  mechanisms. A f i n a l  o b j e c t i v e  
w i l l  be  t o  q u a n t i t a t i v e l y  e s t i m a t e  t h e  c o s t / w a t t  of  p roduc ing  500 ~ W / y r  of OSOS 
c e l l s  and t h e  s e n s i t i v i t y  of  t h e s e  c o s t s  t o  v a r i a t i o n s  i n  f a b r i c a t i o n  t e c h n i q u e s ,  
m a t e r i a l s  c o s t s ,  l a b o r  c o s t s  and economic c o n d i t i o n s .  

11. P r e v i o u s  A c t i v i t i e s  

2  
We have f a b r i c a t e d  0 .07 cm ind ium- t in  o x i d e  on s i l i c o n  s o l a r  c e l l s  w i t h  12  

p e r c e n t  c o n v e r s i o n  e f f i c i e n c y  and measured p i -oper t i e s  of t h e  c e l l s  and of f i l m s  
d e p o s i t e d  on g l a s s  s l i d e s .  F i g u r e  1 shows a  c r o s s  s e c t i o n  of  t h e  c e l l .  More . 
r e c e n t  d e v i c e s  u s e  a n  indium d o t  i n o p l a c e  of  a n  aluminum d o t  and have  a  4000 A 
t h i c k  o x i d e  l a y e r  i n s t e a d  o f  a 2000 A t h i c k  l a y e r .  The s i l i c o n  d i o x i d e  s e r v e s  o n l y  
t o  d e l i n e a t e  d e v i c e s  on a  w a f e r  and reduce  any j u n c t i o n  edge e f f e c t s  and is n o t  an  
e s s e n t i a l  f a b r i c a t i o n  f e a t u r e .  F i g u r e  2  o u t l i n e s  t h e  d e v i c e  f a h r i c a t i n n  p rocedure .  
The s i l i c o n  d i o x i d e  is  s p u t t e r  e t c h e d  t h r n ~ i g h  a s t a i n l e s s  s t e e l  mask and t h e  indium 
tin o x i d e  i s  s p u t t e r  d e p o s i t e d  on t h e  w a f e r .  C o n t a c t s  a r e  made w i t h  . : .  

aluminum e v a p o r a t e d  on t h e  back of t h e  wafe r  and on aluminum o r  indium d o t  d e p o s i t e d  
o n  t h e  k r o n t .  When.a s t y l u s '  c o n t a c t  i s  used ,  no f r o n t  c o n t a c t  d o t s  a r e  u t i l i z e d .  

Corning 7059 g l a s s  s l i d e s  a r e  i n c l u d e d  i n  each  run  f o r  f i l m  e v a l u a t i o n .  As. 
s p u t t e r e d  r e s i s t i v i t i e s  r ange  from 2 t o  5  x  ohm-cm. Oxide compos i t ion  w a s  
v a r i e d  from 10  p e r c e n t  t i n  o x i d e  t o o 7 0  p e r c e n t  t i n  o x i d e  i n  indium o x i d e .  F i g u r e  
3  d e p i c t s  t h e  t r a n s m i s s i o n  of  4000 A t h i c k  f i l m s  o v e r  t h e  v i s i b l e  and neaz  i n f r a r e d  
s p e c t r a l  r e g i o n .  The n e t  t r a n s m i s s i o n  f o r  t h e  10% t i n  o x i d e  f i l m , , w e i g h t e d  by t h e  
s u n ' s  spect rum,  i s  0 .86,  whereas f o r  t h e  70% f i l m  i t  is 0 .77 .  Galvanomagnetic 
measurements t a k e n  o v e r  t h e  t e m p e r a t u r e  range  77°K t o  350°K i n d i c a t e  t h a t  t h e  f i l m s  
have a  r e l a t i v e l y  t e m p e r a t u r e  independent  c a r r i e r  c o n c e n t r a t i o n  of a b o u t  1 . 0 ~ ~  CITI '~  

and a  m o b i l i t y  of  12cm2/v-sec. The f i l m s  t h e r e f o r e  a p p e a r  . to  be t r a n s p a r e n t ,  
d e g e n e r a t e  semiconduc to r s .  

F i g u r e  4  shows t h e  I - V  c h a r a c t e r i s t i c s  of a  t y p i c a l  10% t i n  o x i d e ,  90%' indium 
o x i d e  s o l a r  c e l l .  T h i s  p a r t i c u l a r  composi t ion d i s p l a y s  a  f i l l  f a c t o r  of  0.7, an 
open c i r c u i t  v o l t a g e  of  0,. 53 v o l t s ,  a  ' s h o r t  c i r c u i t  c u r r e n t  of  32ma/cm2 and a  sel 
r e s i s t a n c e  of 20 ohms ( f o r  a  U.U7 cm2 d e v i c e ) .  



The composit ional  dependence of t h e  s o l a r  c e l l  parameters is shown i n  Figure  5. 
There is  l i t t l e  change i n  t h e  open. c i r c u i t  vo l t age ,  sugges t ing  t h a t  t h e  b a r r i e r  
he igh t  is n e a r l y  independent of composition. This  i s  c o n s i s t e n t  wi th  e x t r a p o l a t e d  
c-v measurements, which c o n s i s t e n t l y  suggest  a f la t -band v o l t a g e  of 1 .0  + 0 .1  V. 
Figures 5($) and 5 ( c )  i n d i c a t e  t .hat  both  t h e  s h o r t  c i r c u i t  c u r r e n t  and t h e  f i l l  
f a c t o r  ' decrease  wi th  inc reas ing  t i n  concen t ra t ion .  The s e r i e s  r e s i s t a n c e  incrq,ases , 

with  i n c r e a s i n g  t i n  concentra t ion.  This  is p r i m a r i l y  caused by i n c r e a s i n g  
r e ' s i s t i v i t y  of t h e  f i l m s .  The combined e f f e c t  is a dec rease  i n  e f f i c i e n c y  wi th  
i n c r e a s i n g  t i n  concen t ra t ion  shown i n  ' ~ i ~ u r e  5 ( e ) .  

Conventi'onal c u r r e n t  f lows from t h e  oxide  t o  t h e  s i l i c o n .  The combined f i l m ,  
and s o l a r  c e l l  d a t a  p o i n t  t o  a p-type Schottky b a r r i e r  model f o r  t h e  dev ice ,  which 
may be represen ted  by t h e  band s t r u c t u r e  shown i n  -Figure 6. The b a r r i e r  he igh t  is 
r e l a t i v e l y  cons tan t  wi th  cohpos i t ion ,  i n d i c a t i n g  t h a t  . t h e  Fermi l e v e l  is pinned a t  
t h e  ' i n t e r f a c e .  This . s t r u c t u r e  is  s i m i l a r  t o ' t h a t  proposed by Anderson f o r  Sn02:Si 
s o l a r  c e l l s . ( 3 )  However, t h e  i n t e r f a c e  region is no t  w e l l  c h a r a c t e r i z e d  and can 
complicate dev ice  s t r u c t u r e .  The s p u t t e r  d e p o s i t i o n  process  
can cause a shal low damage l a y e r  Jn t h e  s i l i c o n .  

' dtS- 
l h e r e  ikqu?te l i k e l y  i t h i n  S I O ~  

l a y e r  between t h e  oxide semiconductor and t h e  s i l i c o n .  I n  a d d i t i o n , . t h e  i n i t i a l  
few l a y e r s  of t h e  deposi ted  f i l m ,  because of nuc lea t ion  and l a t t i c e  accommodat.ion' 
e f fec ts ,may n o t  be completely s t o i c h i o n e t r i c .  F igure  7 shows a n  Auger s p e c t r a  of  a 

' c e l l .  Although r e s o l u t i o n  i n  t h e  few Angstroms around t h e  i n t e r f a c e . i s  n o t  y e t  w e l l  
def ined,  t h e  composition throughout t h e  bulk o f '  t h e  f i l m  appears  uniform. 

The i n s u l a t i n g  l a y e r  p o i n t s  t o  a n  MIS model f o r  t h e  cell,.. (4 ") which s i g n i f  i e a n t l y  
a f f e c t s  a n a l p i s  of t h e  r e s u l t s  and f a b r i c a t i o n  procedures-. '. 

111. Future  P lans  

We p l a n  t o  f a b r i c a t e  2 cm x '  2 cm . c e l l s  and e v a l u a t e  t h e i r  o p t i c a l  and e l e c t r o n i c  
p r o p e r t i e s .  The s o l a r  c e l l  parameters,  s o l a r  c e l l  s p e c t r a l  response.  f i l m  s p e c t r a l  
response,  f i l m  r e s i s t i v i t y ,  

Auger s p e c t r a  of f i l m s  and c e l l s ,  x - ray$ i f f rac t lon  p a t t e r n s  of t h e  f i l m s ,  
. .  and temperature and v o l t a g e . s t r e s s  measurements., w i l l  be made. These measurements 

' w i l l  be  c o r r e l a t e d  wi th  MIS device  models being developed by John. Shewchun. Final l j r ,  
an e s t i m a t e  of t h e  c o s t  t o  manufacture OSOS c e l l  a r r a y ,  us ing d i f f e r e n t i a l l y  pumped, 
continuous f a b r i c a t i o n  procedures w i l l  be  es t imated u s i n g , c o s t  e s t i m a t e s  and t h e  . 

computer models previously  deve loped ' fo r  s o l a r  thermal  power systems a t  CSU. 
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Abst rac t  

PLANS FOR MIS CELLS 

OBJECTIVES 

The o v e r a l l  o b j e c t i v e  f o r  t h i s  p r o j e c t  i s  t o  a s s e s s  t h e  t echn ica l  

and commercial p r a c t i c a b i l i t y  f o r  power gcnera t ion  of metal  heterojunc-  

t i o n  s i l i c o n  pho tovo l t a i c  c e l l s  of t h e  metal- insulator-semiconductor  (MIS) 

v a r i e t y .  Three major t a s k s  a r e  planned t o  achieve t h i s  o b j e c t i v e : . .  . . ., . 8 

(1) f a b r i c a t i o n  of  s t anda rd  and experimental c e l l s ,  (2)  eva lua t ion  o f  

c e l l  performance and r e l a t i o n  o f  performance t o  t heo re t i ca l .mode l s ,  and 

(3) explora t ion  o f  opt imized c e l l  performance. 

PREVIOUS ACTIVITIES 

- In  t h e  s imples t  models f o r  t h e  MIS c e l l ,  t h e  cu r r en t  a t  t h e  

insulator-semiconductor  i n t e r f a c e '  which opposes t h e  photogenerated cu r r en t  

c o n s i s t s  o f  two components: t h e  thermionic emission cu r ren t '  of major i t?  

c a r r i e r s  and t h e  (much smal le r )  minori ty  c a r r i e r  d i f f u s i o n  cu r ren t .  I f  

t h e  t o t a l  bucking c u r r e n t  i s  c a r r i e d  by d i r e c t  tunnel ing  through t h e  

i n s u l a t o r ,  t h e  I-V behavior  o f  t h e  c e l l  i s  very sknsitive"1y a f f e c t e d  by 

small changes and i n s u l a t o r  t h i ckness .  On t h e  o t h e r  hand, i f  t h e  i n s u l a t o r  

c u r r e n t  i: p r imar i ly  supported by hopping, t h e  thermionic con t r ibu t ion  

should be reduced by in t roducing  f ixed  charges a t  t h e  insulator-semiconductor  

i n t e r f a c e  and by pe rmi t t i ng  t h e  t rapping  of  t he rmion ica l ly  emi t ted  c a r r i e r s  

i n  i n s u l a t o r  c e n t e r s  o f  app ropr i a t e  d i s t r i b u t i o n  and c ros s - sec t ion .  This  . 
approach i s  based on t h e o r e t i c a l  work a t  Penn S t a t e .  I t s  usefu lness  i s  

supported by open c i r c u i t  vo l t age  and e f f i c i e n c y  measurements on c e l l s  



which a r e  prepared wi th  var ious  i n s u l a t o r s .  Work a t  Westinghouse Research 

on i n s u l a t o r  p repa ra t ion  and t reatment  has e s t a b l i s h e d  t h a t  i n t e r f a c e  

charge and i n s u l a t o r  t r app ing  can be con t ro l l ed  over  ranges o f  . i n t e r e s t  

f o r  MIS s o l a r  c e l l s .  

FUTURE PLANS 

The program involv ing  Westinghouse Research and Penn S t a t e  

Univers i ty  w i l l '  explore t h e  behavior  and performance of MIS s o l a r  c e l l s  

i n  which t h e  i n s u l a t i n g  l a y e r  f i x e d  charge and t rapping  p r o p e r t i e s  w i l l  

be d e l i b e r a t e l y  va r i ed .  The Westinghouse e f f o r t  w i l l  be d i r e c t e d  toward 

prepar ing  t h i n  s i l i c o n  d ioxide  f i lms  by chemical vapor depos i t i on .  Pro- 

p e r t i e s  o f  t h e  f i lms  w i l l  be  v a r i e d  by a  number of  means inc luding  pre-  

depos i t i on  su r f ace  t rea tments  i n - s i t u  and by p o s t  depos i t i on  t rea tments  
. . 

. . 
of t h e  i n s u l a t o r s  o r  completed c e l l  s t r u c t u r e s .  The Penn S t a t e  group 

w i l l  p repare  "standard" c e l l s  f o r  comparison purposes.  Al1,performance 

w i l l  b e , c h a r a c t e r i z e d  and modelled. In  add i t i on ,  a u x i l i a r y  experiments 

w i l l  b e  performed on t h e  c e l l  c o n s t i t u e n t s  a s  r equ i r ed  f o r  a s  complete . 

c h a r a c t e r i z a t i o n  o f  t h e  c e l l s  as  poss ib l e .  The two groups w i l l  i n t e r a c t  

on measurements, modelling and f a b r i c a t i o n  d e t a i l s .  



OVERALL PROJECT OBJECTIVE 

Fabricate, test, evaluate and model metal 

heterojunction silicon photovoltaic cells of the 

MIS variety to assess their technical and 

commercial practicability for power generation. 



Antiref lection Coating 
Thin Metal Collector 
Thin Silicon a i d e  Layer 
P-Type Single Crystal Silicon 

. - - . r r - ' *  
-- - .  -- ~ A l u m i n u m  Ohmic Back Contact 

Schematic cross section of portion of proposed 
MIS cell. 



- - 
'net - Iphoto - 'themionic 'diffusion 

majority carriers : * thermioni c 

minority carriers : 'diffusion = n {eq (g- 



Dark ' I-V characteris t ics 



Table:  Parameter chadges f o r  MIS model 

Curve N~~ (mv2 t v - ' )  [e Y ) FSS 

Note: $m ad jus t ed  t o  maintain cons tan t  



The yoltage V developed 
by the device as a function of the 
voltage developed i n  the semiconductor 
alone, V . 



I-V c h a r a c t e r i e t i c ~  tmder 
i l lumination. The usual l imit  on Voc 
( i e ,  Vbi) i s  s h m  for the parameters 
used in  the numerical evaluation. 



Metal .. Insulator Semiconductor 
n-- 

Fixed Positive Charge 

Photoqenerated Electrons 
Light 
d-u + 
-- - -- - l ~ ~ ~ ~ ~ ~ - a t e d  Holes 

Bucking Majority Current,  Holes 

Model of solar cell when developing power 



curve 581055-A 

Predeposltion: Ar at 0000C. 20 mln I Y I  

W C ,  20 mln 

1000°C, 20 mln '21 
Effect of predeposition treatment on (100) n-type silicon. 



PLANNED ACTIVITY FOR THE NEXT SIX MONTHS 

Begin fab r i ca t ion  o f  s tandard and p r a c t i c a l  c e l l s .  

I n i t i a t e  evaluat ion and modelling of c e l l  performance. 

8 Prepare i n s u l a t o r s  with cont ro l led  charge and i n t e r f a c e  

s t a t e  p roper t i e s .  

Begin considering y ie ld /cos t .  f a c t o r s .  
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CUPROUS OX I DE PHOTOVOLTA I C CELLS , 

D. Trivich, E. Y. Wang and R. J. Komp 
Wayne State University. 

I. OBJECTIVES :  he .objective is to prepare low cost cuprous oxide pho.tovoltaic cells 
of good efficiency.. It is expected that these will be. front wall cells using 
single crystal or coarsely polycrystalline Cu20 with Schottky barriers or hetem- 
junctions. 

11. PREVIOUS ACTIVITY: A semi-empirical anal sis of the Cu/Cu 0 cell indicated that h 2 'a maxlmum value of 'Jsc would be 23 mA/cm (AYO). This, wlth a Voc of 0.35V and 
FF of 0.48 would give an efficiency of 2.5%. It was estimated that further im- 
provement could give an efficiency of 6% and an ultimate value of 12%. 

In the first quarter of the.project, as reported at Lake Buena Vista.:in 
January 1976, a method was developed for preparing front wall cells with isolated 
'sheets of Cu20. The method consists'of: oxidation of Cu sheet at 1000°C', conver- 
sion to single crystal by annealing at 1080-1120°C, grinding and polishing, etch- 
.ing in 8M HN03, vacuum heat treatment at 1000C, application of top metal contact 
and grids by vacuum evaporation, application of back contact'of silver paint. 

The cells prepared by January 1976, had a Jsc of -0.1 mkI/cm2, Voc-0.3V and 
a cell resistance of - 1 0 3 ~ .  

111. CURRENT EFFORTS: Substanrial improvement in the properties of the Cu20 cells has 
been attained. The Jsc has been improved to 10rn~/;m< Voc -0.35V, and the cell 
resistance reduced to 30-50h. While several processing steps were improved, the 
most important factor in the improvement was the introduction of an additional step 
of a final anneal of the Cu20 sheet at 500% followed by quenching. This improved 
the conductivity, lowered the cell resistance and increased Jsc. 

The steps in the processing were varied to determine the important variables. 

'variation in Starting Material: Different .samples of' Cu gave Cu20 with 
resistivities of 2x103 to 2x105ficm. The lower resistivity samples produced 
cells with better Jsc. 

Etching Procedures: Etchants tried were 8MHN03, 0.5M NaCN, a conc. mixture 
of HNO3 -H3PO4 - U c  and combinations of these. A final treatment .with HN03 . 

gave best results. 

Vacuum Heat Treatment : : Treatment of the sample in vacuum at .v 1 0 0 ~ ~  is neces- 
sary but the best temperature is not yet established. Too high a temperature 
gives unstable cells. 

Me'tal Contacts: Cu contacts have given the best cells but A1 is nearly as 
good. Sn and Pb give good rectifying junctions but poor photovoltaic response. 
Au gives an ohmic contact. In gives a moderate photovoltaic effect. 

. . . .. 
opticai Transmission of coating's: To obtain low enough sheet resistance, 
~ ~ ~ ~ 5 0 - 1 0 0 ~ / s ~ u a r e ,  the coatings had to be thick enough that the transmission 
was '50% for Cu and,Al. For Sn and Pb, the transmission was 15% for 
Rshd 10~Jbls~uare. 

Heterojunctions: Sn02 and In20j were applied on cu20 by various methods but 
only slight photovoltaic effects were obtained. 



7. Electron Microsope Studies: The surfaces of Cu20 after various etching 
teatments were examined in a scanning electron microscope. The most effec- 
tive etchant for producing good junctions, 8M HNO3, produced the roughest 
surfaces. This may be responsible for the necessity of having relatively 
thick metal coatings to achieve low sheet resistance. 

8. Detailed Electrical Measurements: Measurements were made of I-V, Jsp-Voc and 
C-V characteristics of cu/cu20 and Al/~u20 cells. These gave a harr er height 
of 0.69 to 0.73 eV and a built-in potential of 0;3V. The results can be 
explained by a themionic emission model and ,can be fitted to the equation. 

where n -2-3, A. is the Richardson constant and 88 is the barrier height. 
. . The barrier height is temperature dependent and .this is explained as being due 

to a deep acceptor 'level 

IV. S M Y  OF KEY RESULTS: The procedures for preparing Schottky barriers on Cu 0 
have been substantially improved. The metals tested were Cu, Al, Pb, Sn and 1 n. 
Heterojunctions with Sn02 and In203 were also explored. The best results were 
obtained with Cu/~u20 and Al/Cu20 cells, which gave JscUIO m ~ / c m ~ ,  VoC4 0.35V, 
FF"0.35 and an efficiency7 (AM1) = 1.2%. The etching procedure has been identi- 
fied as one source of difficulty. 

V. FUTURE PLANS: The general aim is to improve fl~rther the efficiency of Cu20 photo- 
voltaic cells. Better etching procedures will be sought in order to reduce the 
required thickness of the metal coating thus giving higher optical transmission 
and better Jsc. Heterojunctions and other metal contacts will be explored in 
order to give a better Voc. In order to improve the fill factor by lowering the 
cell resistance, methods will be sought to improve the bulk conductivity of the 
Cu20 by ineroducing impurities in the Cu or the Cu20. The electrodeposition of 
Cu20 will be further investigated as a possible low cost method of preparing cells. 
Detailed studies of cell characteristics will be made in order to develop theoretical 
models to explain their behavior. 



1, CUPRBUS OXIDE PHOTOVOLTAIC CELLS . . 

B A R R I E R S  OR H E T E R O J U N C T I O K S ,  , 



3,  BASIC METHOD OF PREPARATION OF Cu20 PHOTOVOLTAIC CELLS 

(1) O X I D A T ~ O N  OF CU SHEET I N  A I R  A T  ~ O O O ' C  

(2) CONVERSION O F *  Cu20 SHEET TO S I N G L E  CRYSTAL B Y  ANNEALING 

I N WATER 1 

(4) SURFACE PREPARATION BY G R I N D i N G  AND P O L I S H I N G  . ' 

'.' - (5) ETCH IN 8 M HNU3 FOR :1-2 SEC,  , F O L L O W E D . B Y  F A S T  WATER. 

R I N S E  AND D R Y I N G ,  . . , . . . . .  . 

( 6 )  VACUUM TREATMENT 
( A )  HEAT TREATMENT AT 7 5 - 1 0 0 ~ ~  FOR 10 MIN, 

(B) APPLICATION OF T H I N  METAL COAT BY EVAPORATION, 

(7) APPLICATION OF BACK CONTACT E a G ,  S I L V E R  P A I N T  

(8) MEASUREMENT OF I - V  CURVES IN LIGHT AND IN DARK 



4, SURVEY OF RECENT A C T I V I T Y  



4. S U R V E Y  O F  RECEN'I :  A Cyi\.'I'l">i 

V a r i a t i o n  in S t a r t i n g  M a t e r i a l  
E t c h i n g  P r o c e d u r e s  
V a c u u m  H e a t  T r e a t m e n t  
Meta l  Con tac t s  
Opt i ca l  T r a n s m i s s i o n  of Coat ings  
HetersJ:rni:tions 
E l e c t r o n  M i c r o s c o p e  S tud ies  
Deta i led  E l e c t r i c a l  M e a s u r e m e n t s  



(1) VARIATION IN STARTING MATERIAL 

(c> CONCLUSION: SOURCE CU I S  PROBABLY V A R I A B L E  I N  COMPOSITION 

DUE TO ACCIDENTAL IMPURITIES OR POSSIBLY IMPURITIES ARE 



( 2 )  ETCHING PROCEDURES 

( A )  PROCEDURE: CELLS M A D E  BY NORMAL PROCEDURE EXCEPT FOR 

D I F F E R E N T  ETCH PROCEDURES 

ETCH (B) RESULTS 
(1) 30 M I N  I N  0.5 14 NnCIi NO PHOTOVOLTAT c EFFFCT 

(21 SAME AS (11 FOLLOWED BY 1 SMALL EFFECT 

Vo,- 0.33 V 
* 

EBISUZAKI ETCH: 17 P T S .  BY VOL HW03, 41.5 PTS. 85; H3P04 

41.5 PTS* A C E T I C  A C I D ,  

(c)  CONCLUSION: ETCHING IS NECESSARY AFTER GRINDING: HN03 

I S  B E S T  ETCHANT: PRESENT PROCEDURE D I F F I C U L T  TO CONTROL 

AND NEEDS IMPROVEMENT. 

ALL CELLS WERE AL/CU*O SCHOTTKY BARRIER CELLS . SIMILAR RESULTS 

WERE O B T A I N E D  W I T H  ClJ/CU20 C E L L S .  



. . 
(3) VACUUM HEAT TREATMENT 

( A )  PROCEDURE: NORMAL PREPARATION PROCEDURE, . HEAT 

TREATMENT VAR I ED w I TH TEMPER.ATURE' OF. STAGE FROM 

75' TO 1 5 0 ~ ~ .  TIME TO REACH TEMPERATURE WAS 15 M I N I  

TIME OF TREATMENT WAS 10'' M I N I  

COOLING TIME WAS 15 MIN,: 

(B) RESULTS : REST RESULTS OBTAINED AT INTERMEDIATE 

TEMPERATURES; TOO HIGH TEMP'ERATuRE GAVE UNSTABLE 

CELLS WITH. D R I F T I N G  C H A R A C T E R I S T I C S ,  

(c) CONCLUS I ON : HEAT TREATMENT I s DES I RABLE BUT OPTIMUM 

TO UPWARD EVAPORATION CONFIGURATION,  



(4) METAL CONTACTS 

WITH CU CONTACTS ALSO 8 ) 

GOOD RECTIFIER CHARACTERISTICS 

GOOD RECTIFIER CHARACTERISTICS 



METAL CONTACTS (CONTINUED) 

GOLD: r40. PHOTOVOLTAIC EFFECT OR RECTf  F I C A T I  ON CHARACTERISTICS, 

METHOD NORMALLY PRODUCES A CU/ClJ20 CONTACT. 



FOR SHEET RES I STANCE .MEASUREMENTS, METAL COATINGS 

WERE MADE ON H I G H  K E S I S - I  I V I T Y  CU20 SHEETS, GROUND, 

POLISHED AND' ETCHED IN NORMAL PROCEDURE FOR PHOTO- 

V O L T A I C  C E L L  PREPARATION,  

(B) RESULTS: FOR CU AND AL, TRANSMISSION WAS 50X FOR 

COATINGS T t i I  CK ENOUGH TO G I V E  RSH OF 50-100 J ~ / S Q U A R E  

FOR SN AND PB, TRANSMI ss I ON WAS 15% FOR RSH = .  , , 

~ O ~ A / S Q U A R E .  

(c) CONCLUSION: PRESENT PROCEDURES ARE NOT ADEQUATE TO 

PRODUCE SIMULTANEOUSLY H I G H  T R A N S M I S S I O N  AND LOW SHEET 

R E S I S T A N C E ,  



( 6 )  HETEROJUNCTIONS 

( A )  PROCEDURE: SNO2 A P P L I E D ,  B Y  ELECTRON BEAM EVAPORATION 

. OR THERMAL DECOMPOSITION OF SPRAY OF S N C L ~  ON HEATED 

. SAMPLE, 

1 ~ ~ 0 ~  A P P L I E D  BY VACUUM E V A P O H A l I O N  ON HEATED 

SAMPLE 8 

(B) . RESULTS: WITH S N O ~ ,  NO PI-IOTOVOLTAIC EFFECT B U T  

POORLY R E C T I F Y I N G  JUNCTIONS WERE O B T A I N E D ,  

WITH I N ~ O ~ ,  HIGH RESISTANCE CELLS OBTAINED WITH 

V E R Y  L I T T L E , P H O T O V O L T A I C  EFFECT; JSC4 0 ' 0 1  I~IA/CM~, 

HETEROJUNCTIONS OF OXIDES ON Cu20. THERE ARE GOOD 

REASONS TO CONTINUE I N V E S T I G A T I O N  OF THE F I E L D ,  



( 7 )  ELECTRON M I C R O S C O P E  STUD I ES 

PROCEDURES WERE EXAMINED I N  A SCANNING ELECTRGN 

MICROSCOPE UP TO 1 0 t O C O X 8  

(B) RESULTS: H N 0 3  GAVE A FAIRLY ROUGH, HIGHLY FACETED 

STRUCTURE W I T H  FACETS a WIDE 

NACH GAVE SMOOTHER SURFACE 

EBI SUZAKI ETCH GAVE SMOOTHER STRUCTURE BUT 

SUBSEQUENT H N 0 3  ETCH DEVELOPED FACETS ,' 

(c)  CONCLUSION: THE ROUGH SURFACES PRODUCED BY HN03 '  MAY 

REQUIRE E X C E S S I V E L Y  T H I C K  M E T A L  F I L M S  FOR E L E C T R I C A L  

CONT I NU I T Y  , 

THE SMOOTHER ACTING ETCHANTS DO NOT GIVE EFFECTIVE 
1 

J U N C T I O N S  FOR OTHER R E A S O N S ,  

IMPROVED RESULTS CAN BE EXPECTED FROM IMPROVEMENTS 

I N  E T C H I N G  AND OTHER SURFACE- PREPARATION PROCEDURES, 



(8) DETAILED ELECTRICAL PIEASUREMEHTS .. , 

( A )  PROCEDURE: CORRECTION IS MADE FOR THE EFFECT OF 

SERIES RESISTANCE IN THE I - V AND JSC - VOC 

MEASUREMENTS, ' THE CAPAC I TANCE-VOLTAGE , C-V, 

RELATIONSHIP WAS MEASURED WITH A DYNAMIC AC LOCK- 

IN TECHNIQUE, THE TEMPERATURE DEPENDENCE OF I - V 

AND Is, - Voc WAS ALSO OBTAINED.  

POTENTIAL FROM C-V MEASUREMENTS IS 0 8 3  EV, THESE 

VALUES AGREE W I T H  O U R ' P R E V I O U S  MEASUREMENTS, 

(c) CONCLUSION: THE RESULTS CAN BE DESCRIBED BY A 

T H E R M I O N I C  E M I S S I O N  MODEL I N S T E A D  OF A PROPOSED M I S  

MODEL , 

THE TEMPERATURE DEPENCENCE OF IO AND QB IS UNUSUAL 

AND I S  PROBABLY DUE TO A DEEP ACCEPTOR L E V E L ,  



SUMMARY OF KEY RESULTS 

PREPARATION OF CUPROUS OXIDE PHOTOVOLTAIC CELLS, ESPECIALLY 

0.35, AND AN EFFICIENCY ? ( A l l )  Z 1.2X. \ 



MAJOR PROBLEMS 

C O N T I N U I T Y ,  I , E ,  LOW SHEET.RESISTANCE8 
. , 

2 ,  ETCHING PROCEDURE: THE HN03 ETCH REQUIRES VERY SHORT 

P R O C E S S I N G . T I M E  WHICH I S ' D I F F I C U L T  TO CONTROL, 
C 

3 ,  HETEROJUNCTIONS: G O O D  PROCEDURES' NEED TO BE DEVELOPED 

TO APPLY O X I D E  COATINGS TO FORM GOOD HETEROJUNCTIONS,  

FURTHER DECREASED, 

TO INCREASE THE T E C H N I C A L  EFFORT I N  ORDER TO MAKE.MORE R A P I D  

PROGRESS 



PLANNED A C T I V I T Y  FOR NEXT 6 MONTHS 

5 . c. , f 

3.  IMPROVEMENT OF VOC BY USE OF HETEROJUNCTIONS AND 

OTHER CONTACTS, 

4 IMPROVEMENT OF FILL FACTOR BY IMPROVING BULK CON- 

D U C T I V I T Y  THROUGH D O P I N G  O F  ClJ20, 

A LOW COST METHOD OF'  PREPARATION OF . C E L L S  , 

6. DETAILED MEASUREMENT OF PROPERTIES TO DEVELOP A' 

T H E O R E T I C A L  MODEL, 



PLANNED RENEWAL REQUESTS 

RENEWAL REQUEST W I L L  BE MADE AT APPROPRIATE TIME. IT 
WOULD BE DESIRABLE TO EXPAND THE PROLIECT REFORE THE 
RENEWAL, 



. TYPICAL J-V CURVE-COPPERICU,~ '&[ ,~cTIo~~ 



,> -. . 

J-V CURVES- ALUM INU;I/CU~~ JUNCT I OMS 



J - V  CURVES-TIN & LEAD OR ,U,O 



. . . . . . . . 
. . . . . . .  

J-V CURVES-GOLD/Cu,O JUNCTIONS . . . '  . . . 







capacitance-~oitagk Measurements on a* A l / C u  0 cell  (KW-2) 
2 

Reverse Bias voltage 
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1. OBJECTIVES 

The o v e r a l l  o b j e c t i v e  and s p e c i f i c  near-term ob jec t i ves  are  g iven i n  

F igure  1. Near-term e f f o r t s  w i l l  p r i m a r i l y  i n v o l v e  t h i n - f i l m  backwall c e l l  

development and i n i t i a t i o n  o f  e f f o r t s  on f r o n t w a l l  c e l l  s. 

2. PREVIOUS ACTIVITIES AND BACKGROUND MATERIAL 

A. M o t i v a t i o n  f o r  Cu,O 
L 

Figure  2  i n d i c a t e s  some o f  t h e  key p o i n t s  which prov ide  impetus t o  i n v e s t i g a t e  

Cu20 s o l a r  c e l l s .  Large g r a i n  Cu20 f i l m s  can be obtained s imply by o x i d i z i n g  

copper. The band gap i s  i n  t h e  appropr ia te  range f o r  pho tovo l ta i c  energy 

conversion. A  p a r t i a l l y  ox id i zed  copper subs t ra te  r e s u l t s  i n  a  Cu/Cu20 

i n t e r f a c e  which i s  a  Schot tky b a r r i e r  ( a c u t a l l y  M I S  s t r u c t u r e )  w i t h  an e f f e c t i v e  

b a r r i e r  he igh t  of -0.7 eV. F i n a l l y ,  est imated f a b r i c a t i o n  costs i n d i c a t e  t h a t  

backwal l  c e l l s  can be produced a t  poss ib l y  1 0 t  per  peak w a t t  under AM1 cond i t ions .  

Th i s  cos t  assumes t h a t  a  copper coated subs t ra te  can be obtained i n  l a r g e  

q u a n t i t i e s  f o r  -$5/m2; 

It i s  p a r t i c u l a r l y  important  t o  examine photon absorp t ion  i n  Cu20 and the  

impact on s o l a r  c e l l  e f f i c i e n c y .  F igure  3 g ives t h e  r e l a t i v e  AM1 i n t e n s i t y  

versus photon energy, and the  absorpt ion c o e f f i c i e n t  versus photon energy f o r  

Cu,O ( f rom Ref. 1) and Si.  I f  we assume t h a t  Cu20 can e x h i b i t  d i f f u s i o n  

l eng ths  on the  order  o f  a  micron, then we must r e q u i r e  a - 5 x  l o 3  cm-I t o  

achieve a  reasonable quantum e f f i c i e n c y .  Thus, t he  e f f e c t i v e  band gap o f  

Cu20 i s  -2.1 eV. The maximum poss ib le  c u r r e n t  i s  -13 mA/cm2. It i s  i n t e r e s t i n g  

t o  no te  t h a t  i n  o rder  f o r  t h i n - f i l m  S i  c e l l s  t o  have l a r g e r  poss ib le  shor t -  

c i r c u i t  cur ren ts ,  d i f f u s i o n  lengths  s i g n i f i c a n t l y  g rea ter  than 1 um must be 

obta ined and f i l m  thicknesses g rea te r  than 1 pm must be possib le.  

F igure  4 g ives  t h e  usual r e s u l t s  f o r  i d e a l  n/p c e l l s .  Note t h a t  Cu20 

i s  as a t t r a c t i v e  as CuInSe2 and S i .  Th is  i s  a  v a l i d  conclus ion even i f  we 

assume an e f f e c t i v e  E o f  2.1 eV (rl  -16%). A1 though no donor i m p u r i t y  i s  known 
9  

fo r  Cu20, he tero junc t ions  a r e  possib le.  F igure  4 i s  a l so  appropr ia te  f o r  n/p 

he tero junc t ions  assuming bu i  1  t - i n  vo l tages near E can. be achieved. 
, . .  9  

~ i ~ u r e  5 desc r ibes '  t h e  CU/CU,O backwall s t ruc tu re .  It seems c l e a r  t h a t  

t h i s  device s t r u c t u r e  has low cos t  p o t e n t i a l .  It i s  a l so  poss ib le  t h a t  we 

can l e a r n  t o  p a r t i a l l y  o x i d i z e  copper such t h a t . t h e  j u n c t i o n  conductance i s  

q u i t e  h igh  i n  t h e  forward d i r e c t i o n ,  thus p rov id ing  an a t t r a c t i v e  subs t ra te  

f o r  f r o n t w a l l  s t ruc tures .  



B. , Prev ious Work 

. - F i g u r e  2 summarizes main elements o f  p rev ious  work. It i s  impor tan t  ' t o  

no te  ' t h a t  s u b s t a n t i a l  q u a n t i t i e s  o f  l a r g e  area backwal l  r e c t i f i e r s  were made 

i n  p roduc t i on  d u r i n g  t h e  1930's. It i s  a l s o  impo r tan t  t o  no te  t h a t  work 

preceeding t h i s  e f f o r t  a t  JCGS determined t h a t  the.Cu/Cu20 i n t e r f a c e  has an 
2  apprec iab le  i n t e r f a c i a l  l a y e r .  

C.  Progress f o r  Prev ious 6 Months - . ' 

F i gu re  6 l i s t s  t h e  h i g h l i g h t s  o f  t h e  work c a r r i e d  o u t  i n  t h e  p rev ious  6 

months. F i gu re  7 descr ibes  t h e  system used f o r  c o n t r o l l e d  o x i d a t i o n  o f  Cu. 

F i y u r e  8  i n d i c a t e s  t y p i c a l  r e s u l t s  f o r  Cu20 g r a i n  s i z e  f i l m s  grown a t  800°c, 

9 0 0 ~ ~  and 1 0 5 0 ~ ~  us ing  a  slow cool  i n g  process r e f e r r e d  t o  as t h e  N2- coo led 

process. F i lms  o f  Cu20 cooled by water-quenching have sma l l e r  g r a i n  s ize .  

3. CURRENT EFFORTS 

E f f o r t s  d u r i n g  t h e  pas t  s i x  months have concentrated on t h e  t asks  shown 

i n  F igu re  9; 

.A. Col 1  e c t i o n  E f f i c i e n c y  Measurement 

F igures  10 and 11 desc r i be  our  approach t o  de te rmin ing  abso lu te  s p e c t r a l  

c o l l e c t i o n  e f f i c i e n c y .  F i gu re  10 d e p i c t s  a  n u l l i n g  techn ique  which can be 

used t o  measure t h e  t r u e  s h o r t - c i r c u i t  c u r r e n t ,  even i f  a  c e l l  has a  s i g n i f i c a n t  

RS and l ow  R S h  F i g u r e  11 i l l u s t r a t e s  t h e  technique u t i l i z e d  f o r  measurement 

o f  r e f l e c t i o n  c o e f f i c i e n t .  A  p r i sm  t ype  beam s p l i t t e r  a l l ows  approximate 

normal inc idence  beam measurements. A  va lue  o f  s h o r t - c i r u c i  t c u r r e n t  ( I S c )  

i s  measured f o r  De tec to r  #1  w i t h  t h e  s l i d e  i n  t he  p o s i t i o n  shown, and t hen ' - f o r  

De tec to r  # 1  w i t h  t h e  beam i n c i d e n t  on t h a t  c e l l .  Knowledge o f  these c u r r e n t s  

and t ransmisss ion  c h a r a c t e r i s t i c s  o f  t h e  p r i sm  a l l o w s  one t o  determine RA of  

t h e  sample.. R e f l e c t i v i t y  measurements f o r  a  evaporated Ag f i l m  f rom 400 nm t o  

1000 nm agree w i t h  va lues  i n . . t h e  AIP handbook t o . w i t h i n  2%. . ' 

B. Th in -F i lm  Backwall C e l l s  

Techniques have been developed f o r .  f a b r i c a t i n g  backwal l  c e l l s  w i t h  Cu20 f i l m  

th icknesses  f rom 2 t o  10 wn. Dev.ices made thus  f a r  have cu r ren t - vo l t age  

c h a r a c t e r i s t i c s  o f  these c e l l s  t h a t  a r e  - i n f e r i o r  t o  t h i c k  f i l m  c e l l s  due t o  

decreased shunt res is tance .  F i g u r e  12 p rov ides  an overv iew o f  I - V  . c h a r a c t e r i s t i c s  

f o r  severa l  k i nds  o f  c e l l s .  These w i l l  be d iscussed i n  more d e t a i l  a t  a  l a t e r  



date. However, note tha t  n-values are  typically >3, which i s  consistent with 

a MIS model. Note also that  RS values a re  large. Improved contacts must be 
developed; Finally, cell  #6 ' i s  typical of thin-film ce l l s  a t  t h i s  point. 

Figure 13 gives resu l t s  for  QA of thin-film ce l l s .  These resu l t s  have 

jus t  been 'obtained and repre'sent a ten-fold improvement over resul ts  of l a s t  
period. More detailed analysis i s  required before we can determine the 

depletion layer collection and tha t  due to  diffusion from the bulk. I t  i s  

interesting to  note that. t'he.AM1 current density possible with cell  76 P 2 i s  

-1.2 mlI/cm2. If th i s -va lue  of IS; i s  comb'ined with I-V parameters for  c e l l  

#1 in Figure 1 2  (assuming Rg < : l . Q ) ,  we calculate 'an AM1 power conversion 

effic'iency of 0.3%. . . 

. . 

' . MIS' Solar. Cell Theory 

Figure 14 shows a p-MIS cel l  under short-circuit  conditions. MIS 

current-voltage character is t ics  a re  calculated for tunneling.-due to  electrons 

( JTE)  and holes ( JTH) .  Figure 1 5  sumnariies the theoretical aspects: The 

theory will be discussed in detail  in the 1976 photovo1tA.i~ conference. The 

main advantage of MIS c e l l s  i s  tha t  as a voltage V i s  developed across a load, 

the built-in voltage associated with the depletion region i s  reduced only by 

V l n  instead of - V ,  thereby reducing the 'normal leakage current. ' 

Figure 16 gives calculated resu l t s  'for power cunversion efficiency versus 

the interfacial  film thickness ( 6 )  for  CulCu20 MIS ce l l s ,  assuming~various 

values or Q. These calculations- represent a more sophisticated analysis than 

previously reported. The Q values r-oror. l o  a maximum value f o r  ISc of 13.1 

m ~ l c m ~  (the AM1 value for  E = 1.95 eV). Note that  i f  Q = 0.6, a value of 
g 

n - 9.5% i s  possible. 

Figure 17 gives resu l t s  for  other semiconductors. The solid curve i s  

appropriate for  an electron .a f f in i ty  of 4.1 eV. The solid c i rc les  refer  

to  calculations based on actual values of x. These Calculations are ideal in 

tha t  Q = 1.0. Otherwise, the values 'chosen for  xc ,  xv and D IK. seem reasonable. . s  1 
I t  i s  assumed that  copper i s  used as the metal. 

D. Other Studies 

Figure 18 indicates some other stu,dies which have been carried out. We 

have' found that  addition of 'Cd reduces p from .3 x l o 3  to  30 Q-cm. An evaporate 

layer of In,03 which was subsequently heat treated gave a contact of negligible 
. . 



r e s i s t a n c e  on a  s l a b  of Cu20. Assuming t h e  I n 2 0 s i s  n-type, t h e  c a r r i e r  d e n s i t y  

must be so h i gh  and/or t h e  Fermi l e v e l s  a r e  n e a r l y  t h e  same d i s t a n c e  below 

t h e  vacuum l e v e l  be fo re  con tac t ,  so t h a t  v e r y  good t u n n e l i n g  i s  achieved. 

The Cd-regrown c e l l  r e f e r s  t o  a  backwal l  c e l l  i n  which Cd i s  d i f f u s e d  a long  

g r a i n  boundaries t o  s h o r t  t h e  j u n c t i o n ,  and then t h e  c e l l  i s  heated a t  1 0 5 0 ~ ~  

i n  a i r  t o  f u r t h e r  o x i d a t i o n .  I t  i s  p o s s i b l e  t h a t  CdO i s  formed a long  

t h e  g ra ins ,  g i v i n g  r i s e  t o  a  h i g h  RSh,. 
. . 

4. SUMMARY OF KEY RESULTS 

Ke.y r e s u l t s  are. l i s t e d  i n  F i g u r e  20. It ;should be noted t h a t  measurements 

of QA a r e  cons idered t h e  f i r s t  of an i nvo l ved  study. 

. . 
,5. FUTURE PLANS 

E f f o r t s  i n  the. coming yea r  w i l l  c o n s i s t  o f  t h r e e  main t asks  aimed a t  

deve lop ing  two dev i ce  concepts, namely, backwal l  and f r o n t w a l l  c e l l s  based on 

Cu20. The t h r e e ,  tasks  a re  i n d i c a t e d  i n  F i g u r e  21. 

T h i n - f i l m  backwal l  c e l l  s t ud ies  w i l l  i n c l u d e  i n v e s t i g a t i o n  o f  p o s s i b l e  

con tac ts ,  f u r t h e r  c o l l e c t i o n  e f f i c i e n c y  ana l ys i s ,  and c h a r a c t e r i z a t i o n  o f  t h e  

Cu/Cu20 i n te r f ace .  T h i c k - f i l m  dev ices w i l l  a l s o  be s tud ies  i n  d e t a i l  t o  p rov ide  

a  re fe rence  f o r  t h e  t h i n - f i . l m  c e l l s  and to '  p o s s i b l y  suggest a  way:to o x i d i z e  . - 

copper w i t h o u t  a  b a r r i e r  e x i s t i n g  a t  t h e  Cu/Cu20 i n t e r f a c e .  , F i n a l l y ,  f r o n t w a l l  

s t u d i e s  w i l l  b e . i n i t i a t e d  u s i n g  comple te ly  o x i d i z e d  wafers  o f  copper. These 

wafe rs  w i l l  be po l i shed  t d - e l  i m i n a t e  t h e  d i so rde red  r e g i o n  which e % i s t s  a t  

t h e  m idd le  o f  such samples. F ron twa l l  c e l l  s  wi  11 i n c l u d e  h e t e r o j u n c t i o n s  and 

MIS s t r u c t u r e s .  In lcuded i n  t h e  h e t e r o j u n c t i o n  ca tegory  w i l l  be e a s i l y  

depos i ted  semiconductors which have E  < 2 eV. 
g  
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O B J E C T I V E S  1. 

OVERALL OBJECTIVE 
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SCHOTTKY BARR I ERS AND. HETEROJUNCTIONS 
ON POLYCRYSTALLINE Cu2C,  

. - 

Figure 1. 



2. P R E V I O U S  A C T I V I T I E S  A N D  B A C K G R O U N D  M A T E R I A L  

A. MOTIVATION FOR CuZO - 
, O X I D I Z E D C O P P E R G I V E S  P-TYPELAYERWITH 

LARGE GRAINS , I . . .  

l ~g IN APPROPRIATE RANGE - MAXIMUM nip AMI 
EFFICIENCY - 18% *, , .  . 

COPPER 

. . l ESTIMATED COST FOR 1 ,  BACKWALL CELLS I S  - 106!/WpK 
. . .. 

B. , PREVIOUS WORK. . " 3 

. . 

. . l BACKWALL RECTIFIERS MADE I N  PRODUCTION AND I N  
. . .LARGE SIZES I N  1930's. 

" . PHOTORE~P~ONSE STUDIES BY TR lV lCH  INDICATED BARRIER 
HEIGHT OF 0.6 - 0.8 FOR C U ~ C U ~ O  INTERFACE 

l WORK PRECEDING THIS GRANT JCGS INDICATED CUICU~O 

'BACKWALL CELL HAS M I S  STRUCTURE 

Figure 2. 



S O L A R  S P E C T R U M  AN:D P H O T O N  A B S r O R P T I O N  C O N S  I D E R A T I O N S  

Figure '3. 



M4X I MUPI POWER CONVE J<5 I ON 
EFFICIEb!CY VS BAND GAP 

Figure 4. 



Cu/Cu20  B A C K W A L L  CELL S T R U C T U R E  
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COPPER SUBSTRATE 

Figure 5. 



2. P R E V I O U S  A C T I V I T I E S  ( C O N T .  1 

C. PROGRESS FOR PREVIOUS 6 MONTHS 

ESTABLISHED SYSTEM F0.R OXIDATIOPJ OF COPPER . . 

ESTABLISHED CAPABILITY FOR COLLECTION 
EFFl C I ENCY MEASUREMENT 

. . 
COMPUTER CODES FOR DEVICE ANALYSIS:  

-I . . 
I -V AND C-V 
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.MIS S O L A R  CELL~CALCULATIONS 
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O X I D A T I O N  SYSTEM 

. . 

BUBBLER 

System for control 1 ed oxidation of copper. 

UST 



C u 2 0  F I L M S  O N  S I N G L E  C R Y S T A L  C u  
AND N 2  COOLED 

100 pm 100 prn 
H H 

100 pm 
H 

(a) 7537. GROWN AT 1050°C (b) 75-S9. GROWN AT 900°C (c) 75-S 12. GROWN AT 800°C 

Figure. 8. 



3 .  C U R R E N T  E F F O R T S  

A. COLLECTION EFFICIENCY MEASURGMENTS 

B, TH IN-FI LA4 BACKWALL CELLS 

C. M I S  SOLAR CELL THEORY 

OTHER STUDIES 
8 - r , .. 
, ' ~ 3 y .  3;d ,? 8: ; *" 

Figure 9. 
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SAMPLE 
1s MEG n HOLDER . INCIDENT 

LIGHT 

@ 
7 . . . .... 

i 
EQUIVALENT 

FOR DWICE 

CtJFIRENT ". . . DlGrrAL 
GENERATOR , VOLTMETER 

SPECTRAL COLLEmION EFFICIENCY MEASURMENT 

Figure 10. 
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. REFLECTIVLTY MEASURMENT 

SAMPLE 

PRISM TYPE 
BEAM SPLITTER 

DETECTOR # I  I 

6AUSCH AND LOMBA 
.HIGH INTENSITY 
MONOCHF#)MrnR 

SLIDE . . 



a. CELL AREAS A R E  2.85 cm2. . . . .  '. . . 

D N  I CE 

1 

. 2 

3 

4 

5 

6 : 

b. Cu 0 THICKNESS OF CELL #6 I S  m8prn. A L L  OTHERCELLS 
H A ~ E  30-40 pm OF Eu20 . . .  

Figure 12. . .  
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S P E C T R A L  C O L L E C T I O N  E F F I C I E N C Y  F O P  
B A C K W A L L  C u  1 C u 2 0  C E L L S  
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Figure 13. 



REFLECTIVITY LIEASURMENT - 

SAMPLE - 
PRISM TYPE 
.BEAM SPL(VTER. 

DETECPOR # 1 

DETECTOR #2 
FOR IO 
MEASURMENT 

. . . , SLIDE 

R4USCH AND LOMB 
HIGH INTENSITY 
MONOCHROMATOR 

Fi'gure 14. 
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P-MIS E L E C T R O N .  B A N D D I A G R A M  . . F O R  S H O R T - C I R C U I T  
C O N D I T I O N S  . . 

.. 

. . 

. . MINORITY - .  . A  CARRIER. BC: 
. - 

- ' kT .,, ' .  1 6 n ; = . n ' ( e  - 
I $0 . . 

Figure 15. 



M I S  S O L A R  C E L L  T H E O R Y  
CURRENT VOLTAGE CHARACTERISTICS 

(1) J = J  - J T H  TE 

(2)  J,.,,= J~ [mp'(&)- 11 
- )( ,.,'"'& 

lS,= ~~i +!e - c  e - 'BP:/ kT .. 
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MA>(. - 0n  .: . . 0 p o T n  Ln & 1.5.: 1 0 " : e . f k ~  -2 
. .  . 

. c m  
. b . . . . 

. : Q = SOLARCELLCOLLECT~ON EFFICIENCYFOR RELATEDSCHOTTKY BARRIER ( 6 = 0 )  . . 

COMPUTATIONAL . . .. . PROCEDURE .. . . . 
(3) AND (4; - E .  

S0LV.E I(I)' FOR' MAX POWER 
Figure 16. 



C A L C U L A T E D  E F F I . C I E N C Y  O F  C u  I C u 2 0  M I S  C E L L S  
. . 

0 10 20 30 40 50 . . 60 
INTERFACIAL F ILM THICKNESS (A) 

Figure 17. 
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P-MIS CELLS WITH OPTIMUMi'.6 . , 
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X = 4.10 eV 
InP 

Figure '18. 



O T H E R  S T U D I E S  

DOPING OF C u 2 0  - 

SINGLE . . CRYSTAL Cu2O (P -TPE)  DOPED WITH Cd: 

p- 3000 0-cm-30 0 - c m  ' . 
. . 

. . . . 
. . . . OHM I C CONTACTS TO -Cu20 - ' 

03 

. N A P O R A T E D  C,u' AND N i  (NOT ON N2-COOLED MATER l A L l  a E3 

Na2S D I P - Cu2S LAYER (UNSTABLE) 
' 

ZnC121Na2S D l  P (STABLE) :. 

. s 

EVAPORATED I n 2 0 3  

' Cd-REGROWN CELLS 1 -  

. , 

DIAUS-ED Cd INTO Cu20  P.ND RE-OXIDIZED YIELDS 

~, 'h " 30,000f2-cm2 

Figu '9. 
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4 .  S U M M A R Y  O F  K E Y  R E S U L T S  
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CuZO MORE P-TYPE AND OHMIC CONTACTS 

Figure 20. 
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ABSTRACT 

I .  OBJECTIVES: 

The o v e r a l l  o b j e c t i v e  o f  t h i s  p r o j e c t  1s t o  e v a l u a t e  Zn P: 3 2 

"as a  promising i n o r g a n i c  semiconductor  having p o t e n t i a l  f o r  

' (11 mass-produced, low-cost h igh  e f f i c i e n c y  p h o t o v o l t a i c  s o l a r  c e l l s "  

11. PREVIOUS ACTIVITIES.: 

p r i o r  t o  responding t~ ' t h e  KFk' from Whhich rhis projec,t 11as 

evolved, Thc Institute o f  Energy Conversion rnnrliicterl an  ext.ensjve 

l i t e r a t u r e  s ea rch  t o  i d e n t i f y  one o r  more m a t e r i a l s  which would 

be  respons ive  t o  t h e  RFP. Th i s  s e a r c h  i s o l a t e d  ZngP2 a s  t h e  most 

promising compound f o r  more d e t a i l e d  s tudy .  The a n a l y s i s  l ead ing  

t o  t h i s  choice  i s  p re sen ted  a s  t h e  main p a r t  o f  t h i s  r e p o r t .  

111. CURRENT ACTIVITIES: 

The p r o j e c t  h a s  been underway f o r  on ly  one month. I n  t h i s  'time 

we have i d e n t i f i e d  a t  l e a s t  t h r e e  commercial sources  f o r  Zn3P2 

powder and have ordered  m a t e r i a l  from each.  We have a l s o  s t a r t e d  

t o  syn thes i ze  o u r  ohm m a t e r i a l  by r e a c t i n g  pure. z inc  and phosphorous 

i n  sea led  q u a r t z  t u b e s  under  t h e  a p p r o p r i a t e  t r ~ p e r a t u r e  c o n d i t i o n s .  

1Je have prepared  a  system t o  produce s i n g l e  c r y s t a l s  by growth 

- I - I-:?: .. ~ 0 j 1 i t 5 c ' n ,  2nd ha;ie ari e : rspoi-~tor  r e a d y  t o  produce t h z s e  f i l ~ s  

Both can be p u t  i n  o p e r a t i o n  as soon as powder i s  a v a i l a b l e .  

11'. SLP\EiARY OF KEY RESULTS: 

Pi-e::;ature t o  r c p r t  r e u l  t s .  

These a r e  b e s t  sumar i zed  by t h e  Progrem Plan below. 

. .. 
(1) EKDA RFP 1i;;psoved Seiniconductors f o r  Pho tovo l t a i c  Cel l  s .  
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WITH R4ND GAP OF 2,O EV) rPXIMUM SHORT CIRCUIT CURRENT 
UNDER AFZl UU) BE 14 dc4, ASSUMING NO GRID OR 
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I. OBJECTIVE . 

The objective of t h i s  13-rnonah research program is  the investigation of CuInSe2 
t h i n  films as an inorganic semiconductor material having considerable potential 
f o r  mass produced, low c o s t ,  high efficiency photovol t a i c  solar  cel l  s. CuInSe2 
was selected f o r  study because i t  is one of only four material systems which have 
demonstrated conversion e f f i c i e n c i e s  greater than 10% and i t s  properties a re  
consistent with a t h i n  f i lm s o l a r  ce l l  array costing l e s s  than $300/KW. th i s  
par t icular  program i s  viewed as  the f i r s t  phase of the necessary technical e f f o r t  
leading to  the development of these low cos t  t h i n  film arrays. 

11. PREVIOUS ACTIVITIES 

Since the present study is a newly -awarded program which has been i n  progress 
f o r  only about one month, there is l i t t l e  to  report  i n  the way of previous 
resu l t s .  

111. CURRENT EFFORTS 

The current program a c t i v i t y  is concentrating on the development of a vacuum 
deposition process f o r  t h e  CuInSe2 t h i n  films. The technique under investiga- 
t ion i s  based upon three separa te ,  individually control 1 ed vapor sources fo r  
the C u ,  In,  and Se mater ials .  I n i t i a l l y ,  the Cu and In sources were controlled 
u s i n g  quartz crystal  microbalances t o  s e t  source power levels  prior t o  shut ter  
opening and using a thermocouple t o  establ ish the Se source temperature/vapor 
pressure. Since t h i s  approach was not found t o  be suf f ic ien t ly  reproducible, 
the deposition system is being modified to  include three quartz crystal  deposi- 
t ion monitors w i t h  each shielded such tha t  they monitor only one material a t  a l l  
times, i .  e. , shut ter  opened or closed. 

The semiconductor f i lms a r e  being deposited onto 0211 glass  substrates for '  
e lec t r ica l  and optical measurements and SiO or C coated electron microscope. 
gr ids  f o r  s t ructural  s tudies .  Based upon the University of Maine work on 
CuInSe f i lms,  the subs t r a t e  temperature i s  being ma ntained in the v ic in i ty  3 of ,200 C and a ra ther  slow de,position r a t e  of 1 - 4 /S i s  being u t i l ized .  

While an in-depth fi lm character izat ion i s  not planned, some e l e c t r i c a l ,  optical 
and s t ructural  s tudies  a r e  i n  progress. These measurements will  be u t i l ized  more 
f o r  correlation to  the Maine . resu l t s  than to  acquire basic property data on 
CuInSe2 thin films. The a c t u a l  measurements being made include sheet resis tance,  

cal absorption, sensi t i 'v l  ty  to  1 ight  , and electron diffraction/rnicroscopy. 
.11 e f fec t  a ~ ~ a r a t u s  has been constructed f o r  ca r r i e r  concentration and 



I V .  SUMMARY OF. KEY RESULTS 

Electron diffract ion data h a s  shown t h a t  the desired chalcopyrite CuInSe2 compound 
is being fonned w i t h  an 0.1 - 0.5 micron'grain s ize using the three-source technique. 
However, f r e e  In was also indicated which will necessitate modifying the relat ive 
elemental deposition' rates.  Furthermore, measurements on film properties have 
shown the des i rabi l i ty  of independent quartz crystal' microbalance control over a l l  
three vapor sources du r ing  the en t i r e  film deposition cycle. 

Hot probe measurements have shown a1 1 of the films .deposited to  date t o  exhibit P 
type conduction. T h i s  resu l t  can be explained by the f a c t  that  the Se deposition 
r a t e  has always been excess.of . t ha t  necessary for  the stoichometric compound. 

V. FUTURE PLANS 

The reproduci b i l  i t y  and control labi l i ty  of the deposited, CuInSe2 film properties . 

using the modified deposition technique will be investigated. The' e lectr ical  , 
optical and structural properties of the resulting films wil.1 be determined and : 

correlated t o  the more detailed University of Maine and other laboratory studies. 
Measurements will be conducted to  assess the re la t ive  s t ab i l i ty  of, these films 
under various atmospheric conditions. A study of factors relating t o  the production 
of large area thin-film arrays incorporating the CuInSe2/CdS cel l  will also be . 

' 

' in i t ia ted .  
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COPITRACT 'OBJECTIVE:  

I N V E S T I G A T I O N  OF C U I N S E ~  . T H I N  F I L M S  A S  AN INORGAW I C  SEMICONDUCTOR M A T E R I A L  H9VING 

P O T E N T I A L  FOR MASS PRODUCED, LOW COST, H I G H  E F F I C I E N C Y  3HOTOVOLT41C SOLAR C E L L  FOR 

TERRESTRIAL  APPLICATIONS ,' 

o D E V E L O P  AND CHARACTERIZE A CUINSE~ F I L M  FORMATION TICHNIQUE 

o . CONDUCT . MEASUREMENTS ON P H Y S I C A L  PROPERTIES AND S T A S I L I I T Y  OF DEPOSITED F I L M S  

o ANALYZE H I G H  VOLUrIE PRODUCTION CONCEPTS FOR C U I N S E ~  C E L L  
. . 

F I R S T  PHASE OF R U L T I  -PHASE/YEAR PROGRAP.1: 
. . 

PHASE I: ' F I W FORMATION/CHARACTER I Z A T  I O N  

PHASE 11: SMALL AREA PV D E V I C E  DEVELOPMENT 

' PHASE I I I : D E V I C E  IMPROVEMENT , ' 

PHASE IV: LARGE AREA 101: D E V I C E  DEVELOPMENT 

pHACC V:  TH l N F I LM ARRAY DEVELOPNENT 
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PROGRAM PROGRESS 

-FILM FORMATION- 

INITIATED CU INSE* FILM FORMATION STUD I ES USING THREE-SOURICE VACUUM DEPOSITION TECHNIQUE. 

d If? LAMP HEATER 

HERMOCOUPLE b=q- . ' . . .  . . .  

- E l  QUARTZ CRYSTAL MON I TOR (s) 
. . .. 

\ c u s s  SUBSTRATE - SHUTTER' 

/ IN S W R C E  

TYPICAL DEPOSITION PARAMETERS : 

PRESSURE: 5 X TORR 

SUBSTRATE TEMPERATURE : 20ooC 

SE SOURCE TEMPERATURE: 275 '~ 
F I L M  THICKNESS: 1.- 3000 1( 

s.' 

.., DEPra--ION RATE: ' i - 4 I /< 



PROGRAM' 'PROGRESS 

- F I L M  ANALYSIS - 

o ELECTRON DIFFRACTION HAS SHOWN C U I ~ S E ~  COMPOUND WITH CHALCOPYRITE STRUCTURE. 
IN DIFFRACTION L I N E  WAS ALSO PRESENT. . . 

o ELECTRON MICROSCOPY HAS INDICATED F I N G R A I N  'SIZE TO BE I N  RANGE O F .  0.;5 MICRON; 
03 
03 
w 

o "HOT PROBE" HAS SHOWN F ILMS TO BE P TYPE.. 

o V A R I A B I L I T Y  I N  SHEET RESISTANCE AND OPTICAL ABSORPTION MEASUREMENTS HAS LED TO 

A MODIFICATION OF DEPOSITION CON~ROL..TECHNIQUE.' . .  . . . .  . . .  . : .  . 
. . 

MASKS  PREPARED;^'. : . , . . .  . .  



o CHALCOPYRITE C U I N S E ~  F I L M S  CAN BE FORMED BY THREE-VAPOR SOURCE VACUUM 

DEPOS I T  I ON TECHN IQUE .' 

o F I L M  GRAIN S I Z E  I S  I N  RANGE OF 0 . 1  - 0.5 MICRONS FCbR A 2 0 0 " ~  SUBSTRATE 
TUVlPERATURE. 

o TO ACHIEVE DEPOSITION REPRODUC IBI LITY/CONTROLLABI LI.TY, MICROBALANCE 
CONTROLLERS ON A L L  THREE SOURCES APPEARS NECESSARY, 

o A L L  F I L M S  HAVE SHOWII P TYPE CON~UCTIVITY-.' 



PLANNED ACTIVITY - N E X T  S IX'MONTHS 

o FURTHER EXPLORE AND REFINE FILM DEPOSITION PROCESS 

o CONDUCT LIMITED HALL EFFECT, OPTICAL ABSORPTION ,'  CRYSTALLINITY~ 

AND PHOTO-CONDUCTIVITY MEASUREMENTS w ITH RESPECT TO DEPOSIT ION 

PARAMETERS 

. . 

o I i l I T I A T E  STUDY OF ARRAY PRODUCTION FACTORS BASED UPON THE CUINSE~/CDS 

THIN FILM CELL . , ,  



STUDY OF I I - IV-V2 CHALCOPYRITE SEN I CONDUCTORS 

FOR SOLAR CELL rAPPLICATIONS 

. . . . . . . .  
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I. OBJECTIVES 

The major  o b j e c t i v e  o f  t h i s  program i s  t o  i n v e s t i g a t e  t h e  

growth and c h a r a c t e r i z a t i o n  o f  t h e  1 1 - I V - V  t e r n a r y  semiconductors 2 

a s  a  c l a s s  o f  m a t e r i a l s  h a v i n g  p romis ing  p o t e n t i a l  a p p l i c a t i o n s  

f o r  p h o t o v o l t a i c  s o l a r  ce l l s .  . 

The i n t e n t  b e h i n d  t h i s  program i s  a  s e a r c h  f o r  semiconduc to r s  
\ 

o t h e r  t h a n  S i ,  CdS, CdS/CuS,. GaAs, and InP a s  a l t e r n a t i v e  m a t e r 2 a l s  

f o r  mass-produced, low c o s t ,  h i g h  e f f i c i e n c y .  s o l a r  c e l l s . .  The 

r a t i o n a l e  f o r  t h e  c h o i c e  o f  t h e  t e r n a r y  c h a l c o p y r i t e  1 1 - I V - V 2  

m a t e r i a l s  f o r  t h i s  p u r p o s e  can  b e  s e e n  by examining Tab le  I. (See 

r e f .  1, p.218) I n  t h i s  t a b l e ,  t h e  i d e n t i f i a b l e  r e s o u r c e s  o f  Ga and 

I n  a r e  seen  t o  be  v e r y  low when compared t o  t h e  o t h e r  e l e m e n t s  o f  

impor tance  f o r  1 1 1 - V  semiconduc to r s  u s e f u l  i n  p l l o t u v o l t a i c  s o l a r  

c e l l  a p p l i c a t i o n s .  T h i s  i s  one major  n e g a t i v e  f a c t o r  i n  c o n s i d e r i n g  

GaAs, InP,  and t e r n a r y  a n d  q u a t e r n a r y  1 1 1 - V  Ga and I n  compounds f o r  

t h i s  purpose .  A t  t h e  same t i m e ,  t h e  i d e n t i f i a b l e  r e s o u r c e s  o f  

Zn, Cd, S i ,  and A s  a r e  l a r g e .  T h i s  makes t h e  1 1 1 - I V - V 2  c h a l c o p y r i t e  

compounds ZnSiAs2 and CdSiAs2 p o t e n t i . a l l y ' a t t r a c t i v e  from t h e  

v iewpoin t  o f  b o t h  s u p p l y  a n d '  economics .' Fur the rmore ,  s i n c e  t h e  
. . 

c h a l c o p y r i t e s  a r e  s t r u c t u r a l  a n a l o g u e s '  t o  t h e  b i n a r y  1 1 1 - V  s e m i -  

conduc to r s ,  t h e y  a r e  e x p e c t e d  t o  have  s u i t a b l e '  band s t r u c t u r e  and 

e l e c t r i c a l  and o p t i c a l  p r o p e r t i e s  f o r  p h o t o v o l t a i c  s o l a r  c e l l  

a p p l i c a t i o n s .  T h i s  i s  b o r n  o u t  . t o  a  l a r g e  e x t e n t  by t h e  t a b u l a t i o n  

o f  e x p e r i m e n t a l  r e s u l t s  on t h e s e  m a t e r i a l s  p r e s e n t e d  by Shay and 

Wernick [ 2 ] .  However, i t  must b e  p o i n t e d  o u t  t h a t  t h e  s t a t e  o f  



development of  c h a l c o p y r i t e s  i s  p r o b a b l y  t e n  y e a r s  beh ind  t h e  . 

development o f  b i n a r y  111-V compounds, a l t h o u g h  n o t  q u i t e  a s  f a r  

b e h i n d  t h e  t e r n a r y  and q u a t e r n a r y  111-V m a t e r i a l s .  

11. RESEARCH PLANS 

T h i s  program b e g i n s  on S e p t .  1, 1976. .  The p l a n s  f o r  t h i s  

work d u r i n g  t h e  n e x t  y e a r  can  b e  summarized by t h e  f o l l o w i n g  f i v e  

t a s k s ,  of which t h e  f i r s t  t h r e e  w i l l  b e . e m p h a s i z e d  d u r i n g  t h e  n e x t  

5j.x months, 

Task 1. Growth o f  C h a l c o p y r i t e s  f o r  S o l a r  C e l l s .  

A vapor  phase  e p i t a x i a l  r e a c t o r  s y s t e m  w i l l  b e  f a b r i c a t e d  and 

u s e d  t o  d e p o s i t  l a y e r s  o f  ZnSiAsZ and CdSiAs2 on S i  s u b s t r a t e s .  

Task' 2. O p t i m i z a t i o n  o f  Growth C o n d i t i o n s .  

The e p i t a x i a l  r e a c t o r  c o n d i t i o n s  w i l l  be  o p t i m i z e d  t o  produce  

ZnSiAsZ and CdSiAs2 l a y e r s  o f  good c r y s t a l  q u a l i t y .  M a t e r i a l  samples  

o f  a t  l e a s t  1% of  the month ' s  o u t p u t  and o f  r e p r e s e n t a t i v e '  form and 

q u a l i t y  w i l l  b e  s u p p l i e d  t o  ERDA d e s i g n a t e d  s o u r c e s  commencing d u r i n g  

t h e  t h i r d  month o f  t h e  c o n t r a c t  e f f o r t .  

Task 3 .  M a t e r i a l  C h a r a c t e r i z a t i o n .  

Exper iments  w i l l  b e  performed t o  d e t e r m i n e :  

a.  M a t e r i a l  p h y s i c a l  and chemica l  p r o p e r t i e s  

b .  M a t e r i a l  e l e c t r i c a l  p r o p e r t i e s  

c. M a t e r i a l  o p t i c a l  p r o p e r t i e s  

d.  M a t e r i a l  m e c h a n i c a l  p r o p e r t i e s  

e. Env i ronmenta l  e f f e c t s  on t h e  m a t e r i a l  



Task 4 .  E n g i n e e r i n g  and Economic F a c t o r s .  

A n a l y s i s  w i l l  b e  performed t o  d e f i n e  and p r o j e c t  t h e  t echno logy  

r e q u i r e d  t o  f a b r i c a t e  and u t i l i z e  t h e  m a t e r i a l  i n  p h o t o v o l t a i c  s o l a r  

c e l l  d e v i c e s  and a r r a y s .  These a n a l y s e s  w i l l  i n c l u d e  t e c h n i c a l  and 

economic c o n s i d e r a t i o n s .  

Task 5. F u r t h e r  M a t e r i a l  Developmen L.  

A t  t h e  c o n c l u s i o n  o f  t h e  c o n t r a c t  p e r i o d ,  a  recommendation w i l l  

b e  made t o  ERDA f o r  a  s u i t a b l e  development  program t o  employ 

c h a l c o p y r i t e  m a t e r i a l s  i n  mass-produced p h o t o v o l t a i c  d e v i c e s  i f  t h e  

a n a l y s i s  o f  Task 4 i n d i c a t e s  s u f f i c i e n t  promise  r e l a t i v e ' t o  e x i s t i n g  

m a t e r i a l s .  
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TABLE 2. I I - IV-V2 CHALCOPYRITE COMPOUNDS 

FOR SOlAR CELL APPLICATIONS 
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ZINCBLENDE STRUCTURE A N D  TETR 







PHOTON ENERGY (oV) 



~ T T I C E  CONSTANTS I N  THE Z N S I A S ~ P ~ - ~  SYSTEM 



PROPOSED RESEARCH - WORK STATEMENT 

. . . . . .  . . .  . . . . .  . . . . . . .  I .  ' ' " 

USED TO.  D E P O S I T  LAYERS Z N S ~ A S ~  AND C D S I A S ~  ON SI SUBSTRATES. 

. . . . . . . . . .  

Z N S I A S 2  AND CDSIAS2  LAYERS O F  GOOD CRYSTAL QUALIP(, MATERIAL SAMPLES 
. . . . . . . . . . .  . . 

OF AT L E A S T ~ X .  OF THE MONTH'S OUTPUT AND OF REPRESENTATIVE FORM AND 
. . . . . . . . .  

. . QUALITY WI LL BE SUPPLIED TO ERDA DESIGNATED SOURCES COMMENCING 
. . . . . .  

. D U R I N G  THE THIRD MONTH OF THE CONTRACT EFFORT,  

. . . . . . . . . . .  . . .  

TASK 4 1  ENGINEERING AND ECONOMI c FACTORS , 
. . . . . . .  . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . .  

ANALYSIS WILL BE' PERFORMED TO DEFINE AND PROJECT THE TECHNOLOGY 
. . .  . . . . . .  . . . .  . . . . .  . . .  

REQUI'RED TO FABRICATE AND U T I L I Z E  THE M A T E R I A L  I N  PHOTOVOLTAIC SOLAR 
. . . .  . . . . . . . .  . . 

CELL DEVICES AND ARRAYS, THESE ANALYSES WILL INCLUDE TECHNICAL AND 
. . 

ECONOMIC cONSIDERATIO'NS~ 



PROPOSED RESEARCH - WORK STATEMENT 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  

WILL BE MADE TO ERDA FOR A SUITABLE DEVELOPMENT PROGRAM TO EMPLOY 
. . . . . . . . . . . . . . . . . . . .  . . . . . .  . . . . 

CHALCOPYRITE M A T E R I A L S  I N  MASS-PRODUCED PHOTOVOLTAI C D E V I C E S  I F THE 

E X I S T I N G  M A T E R I A L S ,  
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Temperature  

!Si S u b s t r a t e  

1 1 Zn+H2 

H ?  o r  A r  Purge 

Zone 1 
Zn Vapor P r e s s u r e  

C o n t r o l  

Zone 2  
D e p o s i t i o n  

GROWTH SYSTEM AND TEMPERATURE PR,JFILE 

Zone 3 
S u a s t r a t e '  Etch 



GROWTH SYSTEM SCHEMATIC 



CHEMICAL QUANTI  T A T 1  vE' A N A L Y S I S ,  

SOURCE MASS SPECTROSCOPY USED W I T H  . . . .  . . . . . . . . . . .  

E L E C T R I C A L  . . R E S I S T I V I T Y  VERSUS TEMP, . . . . . . . . . . . . . . .  

DATA, X-RAY DIFFRACTI ON AND AUGER 

A N A L Y S I S ,  

THERMAL EXPANS I O N  

ENERGY BAND GAP, . . .  OPTICAL . . .  

ABSORPTION, R E F R A C T I V E  

I N D E X  & D I C H R O I S M  
. . . .  

MOBILITY: RESISTIVITY,' 

CARRI  ER CONCENTRATION 

CARRIER LIFETIME AND DIFFUSION 

LENGTH 

HARDNESS, BRITTLENESS 

AND P L A S T I C I T Y  

DELIQUESCENCE AND 

HYGROSCOPI C I T Y  

X-RAY DIFFRACTION'. . . .  . . . . . . .  TRAFJSMISSION . . 

ELECTRON MICROSCOPY , SCANNING 
. . .  . . . . .  

ELECTRON MICROSCOPY 

OPTICAL TRAN~MISSI'ON . . . . . . . . . . . . . .  OR REFLECTION 

W I T H  P O L A R I Z E D  R A D I A T I O N  R E L A T I V E  . . . . . . . . . .  . . . . . . . . . . . .  

TO CRYSTAL AXES,  ELLI PSOMETRY, 

EFFECT AND R E S I S T I V I T Y  MEASUREMENT, 

'y-RAY AND/OR ELECTRON EXCITATION OF 

SCHOTTKY BARRIER. . . DI ODES-SHORT CI RCUI T 

CURRENT MEASUREMENTS 

STANDARD SCRATCH HARDNESS TEST WITH 

MOH'S SCALE , ELASTI c ANALYSIS 

CALCULATIONS BASED ON RADIUS O F .  

CURVATURE MEASUREMENTS, BROADENING . . . 

OF X-RAY DI FFRACTI ON PEAKS 

VISUAL INSPECTION AND WEIGHT. . . GAIN 

FOLLOWING EXPOSURE I N  . . CONTROLLED 

H U M I D I T Y  ENVIRONMENT, 



TABLE 4': 

. . . . . . . . . . . . . . . . . .  

DISPROPORTIONATI ON, THERMAL 
. . . .  . . .  

D E C O M P O S I T I O N  AND 
. . . . . . . .  

C H E M I C A L  A C T I V I T Y  

Tox I c ITY ', - 

E L E V A T E D  TEMPERATURE FOLLOWED . . . .  BY 
. . . . . . . . . . . . . . . . . .  . . . .  

VISUAL INSPECTION, OPTI CAL AND 
. . . . . . . .  . . .  . . 4. . . .  

S C A N N I N G  ELECTRON MICROSCOPY, 
. . .  . . . .  . . . . 

ELECTRON B E A M  M I  CROPROBE A N A L Y S I S  1 

. . .  

EFFECT OF CHRONIC . . . . . . . . . .  EXPOSURE ON 

LABORATORY A N  I M A L S  8 
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OBJECTIVE OF PROJECT: Development of methods for  t he  

preparation of low-cost, efficient, th in - f i lm  solar cells. 

To achieve t h i s  objective we wi l l  prepare large- 

grained f il ms by laser crystallization, chemical vapor de- 

position, and vacuum deposition. We wi l l  also develop 
techniques for  fabricating solar cells f rom these films. 



ACTIVITY TO DATE 

I 

1. ~ o n s t r u c t e d ~ d l ~ ~ ~  laser systemfor irradiation of semicon- 
.. . . . . 

ductoi; fi'l ms. . 

2. Prepared amorphous films of Si and GaAs by. RF sputtering. 

3. 1 rradiated amorphous films with scanned, focused laser beam. 

4. 1 nitiated theoretical'calculation of temperature profile producec' 
i n  t h i n  films by scanned slit . image . of laser. 

5. Prepared films of Sn-doped I n203 by RF sputtering. 
.. 



91 1 
. . . . 

ABSTRACT . . 

. .. 

The ultimate objective of our thin-film photovoltaic program is the develbpment 

of low-cost, efficient, thin-film solar cells. To prepare large-grain films for prototype 
. . 

solar cells, we will use laser, crystallization, chemical vapor deposition (CVD), and 
. . 

vacuum. deposition. We, will then develop methods for fabricating solar cells from the 

films we prepare, placing particular emphasis, on alternative techniques for. jwlc tion for- 

mation, including indiffusion of dopants, ion implantation, multi-layer growth,, and ,' 

preparation of Schottky barriers. The application of transparent conductors suchas  
. 

~n-doped In 0 will also be invsstigated. 
2 3 

Although we already have some preliminary work underway on CVD and.vacuum . .  

deposition methods, our major emphasis so far has been on the crystallization of thin 

films of Si and GaAs by irradiation with a Nd:YAG laser. The laser wavelength is 1.,06pm 

(1.17eV), close to the absorption edge of crystalline Si. At this wavelength the absorption 
' 

coefficient rr of crystalline Si is only about 20 crn'l,. And hence only a few percent of the . . 

laser power will be abs0rbed .b~  a 10-pm-thick film. 

For the same thicknes's of amorphous-Si, however, the meas.ured transmission is 

less than 0. .I%, hecause amkphous Si has a much broader absorption edge than crystalline 

Si, with band-tailing states that narrow theeffective band gap. . Thus, amorphous Si films 

strongly absorb the Nd:YAG laser energy, and such films can easily be heated to a tem- 
0 

perature where crystallization occurs (- 700 C). 

In initial experiments several amorphous Si films ranging from 6 to .11pm in thick- 

ness were deposited on single-crystal A1 0 or fused silica substrates by RF sputtering. 
2 3 

The substrate temperature during deposition was estimated to be 200'~. The films t e r e  

then irradiated with a 7-watt laser beam that was focused to form a spot typically about 

50pm wide and lOOpm long. The films were scanned laterally at the rate of -1.2 cm/min 

with successive overlapping scan lines centered 25pm apart. The scan rate was limited 

by the mechanical drive system available and not by sample-heating requirements. Areas 

of about 0.5 x 0.25 cm were readily scanned. 

X-ray diffraction patterns for films that had been treated contained sharp Si lines, 

showing that the films had been crystallized. For some of the films, the lines were so -, 
sharp that their width could be attributed to instrumental broadening alone. However, since 

he x-rays sampled a large area (estimated to be about 1 x 5 mm), several Si lines were 

ahvays present. Reflection electron diffraction pictures of the films taken in an electron 
. . 



microscope contained diffraction spots indicating the presence of well-ordered crystallites. 

Linear motion of the microscope stage by 25pm did not significantly alter the spot;patterns, 

indicating some crystallife sizes of at  least 25pm. 
. . 

Some preliminary results have also been obtained on' laser crystallization of amcr - 
I .  . 

phous GaAs films prepared by R F  sputtering. As in the case of Si, crystalline'GaAs does 

not absorb significantly a t  1.06pm, but amorphous GaAs does. Films of GiAs alrmthick 

were crystal1ized'at.a laser power density about a factor of 10 lower than that required for Si. 

X-ray diffraction patterns showed sharp GaAs peaks, with the (110) peak the strongest,. 

indicating that the crystallites have a preferred (110) orientation. There was no evidence 

of Ga 'peaks, indicatingno k r g e  loss of A s  during crysta 1li.w rim. Optical rnicro~copy . .  . 

showed features that vary from 20 up to several hundred micrometers, but the f i l m s  have 

not been examined by reflection electron microscopy. 

The above results indicate that laser crystallization is a promising method for 

the preparation of large-grained films of Si and GaAs. We next plan to establish optimum 

processing parameters - including beam shape, scan rate, laser power level, ambient 

temperature, and ambient atmosphere - for crystallization of amorphous Si and GaAs films. 

As a f i rs t  step we have constructed an optical system for focusing the laser beam to a slit  

image about 3 mm high with a large aspect ratio. The films crystallized with this system 

will be characterized by a variety of techniques and used for the fabrication of solar cells. 



POWER DEECTOR 

R07-ATABL E ARM 

FOCUSING 

. . 
SEMICONDUCTOR 

... : .  

. . 



PHOTON ENERGY ( e V )  











SUMMARY OF KEY RESULTS 

1. Large-grained (7 25pml, partially oriented Si  and GaAs f i lms 

have been prepared by irradiating,amorphous f i lms wi th a 

scanned Nd:YAG laser beam focused t o  a nea.rly c i rcu lar  spot. 

2. A n  optical system has been constructed for  focusing the laser 

beam to a sl i t  image about 3 m m  h igh  wi th a large aspect ratio. 

3. Transparent f i lms of Sn-doped l n203 with h igh conductivity 
have been prepared by deposition on  heated substrates. 



PLANNED ACTlV ITY FOR NEXT 6 MONTHS 

Establish optimum processing parameters - including laser scan 

rate, laser power level, ambient temperature, and ambient 
atmosphere - for  crystallization of amorphous Si and GaAs f i lms 

by laser irradiation. 

l nitiate preparation of GaAs f i lms on low-cost substrates by CVD 

and vacuum deposition. 

Begin fabrication of solar cells f rom Si and GaAs films. 
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ABSTRACT 

11iP;'CliS Tliin Fill11 Solar 1 3 1 1  by Planar Reactibc Deposition 
Ken Zatiio and Lew Fraas 

Huglies Research Laboratories 

A n  a l l  thin f i lm  I ~ P / C ~ S  t e r r e s t r i a l  s o l a r  c e l l  i s  p r o p o s e d .  A 

thin t i lni  cont ' igurat ion,  i s  no\v p o s s i b l e  a s  a r e s u l t  of t he  s u c c e s s f u l  e p i -  

t a s i a l  depos i t i on  of thin f i l m s  of [ n P  on  s i n g l e  c r y s t a l s  of (0001:- CdS a t  
0 

t e m p e r a t u r e  belo\\- ,390 C  by the ? lana . r  r e a c t i v e  depos i t i on  ( P R D )  t e c h -  

nique a n d  the  f o r m a t i o n  of Large (20 t o  40 pm) s ing le  c r y s t a l s  of CdS 

th rough  r e c r y s t a l i i z a t i o n .  T h e  P R D  t echn ique  is a n e w  th in  f i l m  t e s h -  

n ique  \t.hich o f f e r s  t he  a d v a n t a g e s  of t he  c h e m i c a l  v a p o r  depos i t i on  a n d  

m o l e c u l a r  b e a m  t e c h n i q u e s  but  i s  not  r e s t r i c t e d  by t h e i r  l imi t a r ions .  

In t h i s  t echn ique  ind ium m e t a l  i s  e v a p o r a t e d  f r o m  a p l a n a r  s o u r c e  in  

the p r e s e n c e  of P t o  f o r m  I n P .  T h e  P i s  a v a i l a b l e  f r o m  the  d e c o m p o -  
2 2 

s i t i on  of ~ h o s p h i n e  i n t r o d u c e d  in to  t h e  i n d i u m  s o u r c e  c h a m b e r .  B e s i d e s  

being a l o \ \ . t e m p e r a t u r e  t echn ique  t h i s  p r o c e s s  i s  s c a l a b l e  a n d  i s  

i n h e r e n t l y  c l e a n  b e c a u s e  of t he  p r e s e n c e  of H T h e  CdS f i l m s  a r e  
2'  

t h e r r n a l l y ' e v a p o r a t e d  a n d  unde rgo  r e c r y s t a l l i z a t i o n  in  a p o s t - e v a p o r a t i v e  
0 

H S h e a t  t r e a t m e n t  a t  abou t  450 C. T h e y  have  been  f o r m e d  o n  s o d a -  
2  

l i m e  g l a s s  overccaated with ind ium- t in -ox ide .  T h i s  I n P  on CdS a p p r o a c h  

o f f e r s  a  q u a s i - s i r g l e  c r y s t a l  a l l  t h in  f i l m  s o l a r  c e l l  with a n  a c t i v e  I n P  

m a t e r i a l  c r y s t a l l i t e  mridth to  t h i c k n e s s  r a t i o  of b e t t e r  than  t e n  t 3  o n e .  

A s s u m i n g  107, c e l l  e f f i c i ency  a n d  500  ear produc t ion  c a p a c i t y  i t  

i s  p r o j e c t e d  t h a t  c e l l  c o s t s  b a s e d  upon t h i s  th in  f i lm  a p p r o a c h  \.:ill be  on  

thr: or r l r t r  of $250 p c r . p c a k  kW, which i s  a t t r a c t i v e  f o r  l a r g e  s c z ~ l ~  . 

1:t.i lity app l i ca t ions .  



SOLAR CELL PARAMETERS 

I 

P a i r  

Semiconduc tor  T h e o r e t i c a l  
Eff iciency '(YO) 

T h e o r e t i c a l  Eff iciency 
with Window (YO) , . 

O b s e r v e d  Efficiency (O/o) 

L a t t i c e  Mis-match (YO) 

Minor i ty  C a r r i e r  
Mobil i ty ( c r n 2 / ~ -  s e c )  

Semi-conductor  Bandgap 
(eV)  

Window Bandgap (eV)  
. . . .  . . . .  - . .  

Spike 
C 

P r o c e s s i n g  T e m p e r a t u r e  
(OC) 

1 

InPICdS  

28.0  

23. 2  

12: 5  

0 . 3  

4500 

1 .27  
( D i r e c t )  

2.42 
. . . :  . . 

N o  

3 50 

GaAs /Gao  .2A10.8As 

28. 5  

24.8  

20 

'0. 15  

6000 

1 . 4 3  
( D i r e c t )  

2 . 6  
. . . . _ . .  . . . .. . . . 

No 

700 



InP/CdS CELL STRUCTURE 

Zn: Au \ 

G LASS 

RADIATION 



RECRYSTALLIZED CdS 





PLANAR REACTIVE DEPOSITION CHAMBER I 
ROTATABLE SUBSTRATE 
PLATE I 

BELLOWS SEALED HING-, 
ROTARY FEEDTHRU 

I 
TOP PLATE 

SUBSTRATE I 
HEATER LAMPS 

SOURCE 

DEPOSITION 

BEARING 
SOURCE ~71 
ASSEMBLY 

I 
II 

ELECTRODE 
NEEDLE 
VALVE TMP 

ADVANTAGES 

1 N.0 BELL JAR BAKE 
OUT REQUIRED 

2 BAKE OUT OF LN2 
SHROUD ENCLOSED 
REPOSITION 
GHAMBER AUTOMAT~C , 

3 VlTON A O-RINGS 
FAClLlT ATE LOADING 



SOURCE SUBSTRATE DEPOSITION 
CHAMBER IN THE PRD SYSTEM 

CdS SUBSTRATES InP 

', 1 

I 11 ELECTRODES 

FEATURES 

1. PRESENCE OF H2 REDUCES 

OXYGEN CONTAMlNATlON 

2. USE OF PH3 ALLOWS PLANAR 

GEOMETRY - HUGHES PATENT 

3. PLANAR GEOMETRY ALLOWS 
INCREASED PRODUCTION RATES 

4. NEGLIGIBLE WASTE OF INDIUM 

- pH3 - H2 

+WP.\NT GFC 





InP:Cd I-V CHARACTERISTICS 



SUMMARY OF InP/CdS PROGRESS 

THE CdS/lnP SYSTEM IS THEORETICALLY MORE 
FAVORABLE THAN A N Y  OTHER THIN F I L M  SYSTEM ' 

8 THE SINGLE CR.YSTAL RESULTS ARE PROMISING 

RECRYSTALLIZED CdSIS A SUITABLE AND ALREADY-  
- DEVELOPED SUBSTRATE FOR InP 

8 InP FILMS.HAVE BEEN EP lTAX lALLY  
QEPOSITED O N  CdS 

a THE ELECTRICAL PROPERTIES OF InP ARE FAVORABLE. 

&. -,. . , L.., . 1 
MORE SPECIFICALLY; THE SHEET RESISTANCE IS LOW 

".'" - 'AND TH ECONTACTS ARE OHMIC FOR P-TYPE InP. '-. 



PROPOSED ALL THIN FILM lnP/CdS 
i' SOLAR CELL PROGRAM 

OPTIMIZEPRD InPEPILAYERSONC-AXISORIENTED 
CdS SINGLE CRYSTALS 

9 ESTABLISH IMPURITY CONCENTRATION LEVELS AND 
DOPING CONTROLS FOR PRD InP FILMS ON SINGLE 
CRYSTAL CdS 

@ CONSTRUCT AND EVALUATE AN InP(THIN FILM)/CdS(SINGLE 
CRYSTAL) S,OLAR CELL 

@ DETERMINE THAT GOOD EPITAXY CAN BE OBTAINED FOR 
Dl  FFERENT CdS CRYSTAL ORIENTATIONS 

DEPOSIT AND EVALUATE InP FILMS ON NONRECRYSTALLIZED 
AND RECRYSTALLIZED THIN FILM C ~ S  SUBSTRATES' 

9 ESTABLISH ALL THIN FILM CELL EFFICIENCIES AND 
PRINCIPLE PROBLEM AREAS 

DEVELOP A MODEL CHARACTERIZING THE ALL THIN FILM 
InP/CdS SOLAR CELL 
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A program has  been proposed f o r  t h e  development  of methods f o r  
making t h i n - f i l m  p o l y c r y s t a l  l i n e  indium phosphide  ( InP)  photovol  t a i  c  
c e l l s  on i n e x p e n s i v e  s u b s t r a t e s .  A c o o p e r a t i v e  e f f o r t  i s  i n v o l v e d .  
The Rockwell E l e c t r o n i c s  Research D i v i s i o n  w i  11 app ly  t h e  metal - 
o r g a n i c - h y d r i d e  chemical  vapor  d e p o s i t i o n  (MO-CVD) method t o  t h e  
f o r m a t i o n  o f  InP f i l m s  f i r s t  on s i n g l e - c r y s t a l  and s u b s e q u e n t l y  on 
l o w - c o s t  p o l y c r y s t a l  l i n e  o r  amorphous s u b s t r a t e s ,  and t h e  S t a n f o r d  
U n i v e r s i t y  Department of M a t e r i a l s  S c i e n c e  and E n g i n e e r i n g ,  as  
s u b c o n t r a c t o r ,  w i l l  d e p o s i t  cadmium s u l f i d e  (CdS) a n d / o r  s i m i l a r  
s emiconduc to r  compounds and a l l o y s  on t h e  InP f i l m s  t o  form h e t e r o -  
j u n c t i o n  d e v i c e  s t r u c t u r e s .  These w i l l  t hen  be e v a l u a t e d  f o r  t h e i r  
photovol  t a i  c  p r o p e r t i e s .  

The o b j e c t i v e s  of t h e  work a r e  i t e m i z e d  i n  F i g u r e  1 .  The o v e r a l l  . 

o b j e c t i v e  i s  t o  conduct  fundamental  s t u d i e s  which may l e a d  t o  a  
low-cos . t ,  h i g h - e f f i c i e n c y ,  l o n g - l i f e  photovol  t a i  c  s o l a r  c e l l  u s ing  
a p o l y c r y s t a l l i n e  f i l m  of  InP .  

A 12-month program, t h a t  w i l l  i n v o l v e  2 7  'manmonths of s c i e n t i f i c  
and e n g i n e e r i n g  e f f o r t  a t  Rockwell and a n o t h e r  22 manmonths of  
f a c u l t y  and t e c h n i c a l  s t a f f  e f f o r t  a t  S t a n f o r d ,  has  been planned 
t o  pursue  t h e  f o l l o w i n g  s p e c i f i c  t e c h n i c a l  o b j e c t i v e s :  1 )  development 
o f  t h e  M O - C V D  p r o c e s s  fo , r  growth of g o o d - q u a l i t y  s i n g l e - c r y s t a l  o r  
p o l y c r y s t a l  l i n e  f i  lms of InP on c a r e f u l  l y - s e l e c t e d  low-cos t  s u b s t r a t e  
m a t e r i a l s ;  2 )  e v a l u a t i o n  of  t h e  s t r u c t u r a l ,  e l e c t r i c a l ,  and o p t i c a l  
p r o p e r t i e s  of  t h e  r e s u l t i n g  InP f i l m s ;  3 )  f o r m a t i o n .  of  h e t e r o j u n c t i o n  
d e v i c e  s t r u c t u ' r e s  by d e p o s i t i o n  of f i l m s  of o t h e r  semiconduc to r s  on 
t h e  InP f i l m s ,  and e v a l u a t i o n  of t h e  p h o t o v o l t a i c  p r o p e r t i e s  of 
t h e s e  c o m p o s i t e s ;  and 4 )  a n a l y s i s  and p r o j e c t i o n  of f u t u r e  c o s t s  
of 1 a r g e - s c a l e .  q u a n t i  t i  e s  of photo'vol t a i  c  s o l a r  c e l l s  made by t h e  
process . .  

In  a d d i t i o n ,  a  goal  e s t a b l i s h e d  by E R D A  r e q u i r e s  t h a t  any proposed 
d e v i c e  . c o n f i g u r a t i o n  s h o u l d  . l e a d ,  w i t h i n  a  p e r i o d  of f i v e  y e a r s  
a t  most ,  t o  t h e  a b i l i t y  t o  produce s o l a r  p h o t o v o l t a i c  c e l l s  having  
10 p e r c e n t  AM1 e f f i c i e n c y .  . T h i s  t e c h n i c a l  goal  may n o t  be a c h i e v e "  
durin.g t h e  per formance  p e r i o d  of a  twelve-month c o n t r a c t ,  b u t  i t  
w i l l  p r o v i d e  a  con t inuous  g u i d e l i n e  f o r  conduct  of  t h e  program. 
Whereas c o n v e r s i o n  e f f i c i e n c i e s  w e l l  i n  e x c e s s  of  10 p e r c e n t  have 



been demons t ra t ed  i n  s o l a r  c e l l s  f a b r i c a t e d  i n  s i n g l e - c r y s t a l  
forms of s e v e r a l  s e m i c o n d u c t o r s ,  t h e r e  a r e  on ly  a  l i m i t e d  number 
of  semiconduc to r s  t h a t  o f f e r  r e a s o n a b l e  l i k e l i h o o d  of  a c h i e v i n g  
such e f f i c i e n c i e s  i n  t h i n  p o l y c r y s t a l  l i n e  f i  lms d e p o s i t e d  on low- 
c o s t  s u b s t r a t e  m a t e r i a l s .  InP has  shown c o n s i d e r a b l e  promise a s  . 

a  s i n g l e - c r y s t a l  s o l a r  c e l l  m a t e r i a l ,  and t e c h n i c a l  c o n s i d e r a t i o n s  
i n d i c a t e  t h a t  i t  i s  an e x c e l l e n t  c a n d i d a t e  f o r  s u c c e s s f u l  a t t a i n m e n t  ' 

o f  t h e  r e q u i r e d  t e c h n i c a l  and c o s t  g o a l s  i n  a  t h i n - f i l m  c o n f i g u r a t i o n .  

To meet t h e  above o b j e c t i v e s  a  program c o n s i s t i n g  of seven  s p e c i f i c  
t a s k s  i s  p lanned ( F i g u r e  2 ) .  These a r e  1 )  de.velopment of  t h e  M O - C V D  
p r o c e s s  f o r  InP f i l m  growth;  2 )  i d e n t i f i c a t i o n ,  e v a l u a t i o n ,  and 
development of i n e x p e n s i v e  s u b s t r a t e  m a t e r i a l s ;  3 )  growth of InP 
f i l m s  by M O - C V D  on i n e x p e n s i v e  s u b s t r a t e  m a t e r i a l s ;  4 )  e v a l u a t i o n  
of  t h e  p r o p e r t i e s  of  t h e  InP f i l m s ;  5 )  f o r m a t i o n  and e v a l u a t i o n  of 
h e t e r o j u n c t i o n  photovol  t a i  c  d e v i c e  s t r u c t u r e s  on t h e  InP f i . lms 
( S t a n f o r d  s u b c o n t r a c t ) ;  6 )  a n a l y s i s  and p r o j e c t i o n  of  c e l l  performance 
and c o s t s ;  and 7 )  p r e p a r a t i o n  of  r e p o r t s  and d a t a  and p a r t i c i p a t i o n  
i n  E R D A  program review meet ings . .  

The p r i n c i p a l  t e c h n i c a l .  problems ( F i g u r e  3) t o  be s o l v e d  i n  t h e  
program a r e  1 )  e s t a b l i s h i n g  p r e f e r r e d  C V D  p r o c e s s  p a r a m e t e r s '  
( t e m p e r a t u r e ,  r e a c t a n t  c o n c e n t r a t i o n s ,  c a r r i e r  gas  compos i t ion ,  
dop ing '  impuri  t i e s ,  growth r a t e )  f o r  a c c e p t a b l e  p r o p e r t i e s  f o r  t h e  
f i l m s  grown on v a r i o u s  s u b s t r a t e  m a t e r i a l s ;  2 )  i d e n t i f y i n g  s u i t a b l e  
s u b s t r a t e  m a t e r i a l s  t h a t  w i l l  s u r v i v e  t h e  env i ronment  of t h e  M O - C V D  
p r o c e s s  and be p o t e n t i a l l y  i n e x p e n s i v e  and a v a i l a b l e  i n  l a r g e  a r e a s ,  
y e t  be as  f a v o r a b l e  a s  p o s s i b l e  t o  InP g r a i n  growth;  3)  a c h i e v i n g  
adequa te  g r a i n  s i z e  i n  t h e  f i l m s  on i n e x p e n s i v e  s u b s t r a t e s  t o  
p r o v i d e  s a t i s f a c t o r y  s o l a r  c e l l  p r o p e r t i e s ;  and 4 )  a c h i e v i n g  h e t e r o -  
j u n c t i o n  s t r u c t u r e s  of  InP and CdS ( o r  o t h e r  s e m i c o n d u c t o r )  having  
t h e  r equ i  r ed  phutovol  t a i  c  p r o p e r t i e s .  

In t h e  proposed approach Rockwell w i l l  app ly  t h e  M O - C V D  t e c h n i q u e  
t o  t h e  f o r m a t i o n  of f i l m s  of InP on both  s i n g l e - c r y s t a l  and low- 
c o s t  p o l y c r y s t a l  l i n e  o r  amorphous s u b s t r a t e s ,  employing a  r e a c t o r  
sys t em such a s  t h a t  shown s c h e m a t i c a l l y  i n  F i g u r e  4 .  The p r i n c i p a :  
r e a c t i o n  t o  be used i n v o l v e s  d i r e c t  combinat ion  of t r i e t h y l i n d i u m  
and phosphine  i n  t h e  r e a c t o r  chamber a t  e l e v a t e d  t e m p e r a t u r e ,  
a l though  t h e  p o s s i b i l i t y  of forming t h e  a d d i t i o n  compound o f  t h e s e  
two r e a c t a n t s  o u t s i d e  t h e  r e a c t o r  chamber a t  low t e m p e r a t u r e s  w i l l  
a l s o  be i n v e s t i g a t e d  ( F i g u r e  5 ) .  

During t h e  t ime t h a t  t h e  M O - C V D  method i s  b e i n g  developed s p e c i f i c a l l y  
f o r  t h e  InP s y s t e m - - i n i t i a l l y  on s u i t a b l e  s i n g l e - c r y s t a l  s u b s t r a t e s - -  
c o n c e n t r a t e d  a t t e n t i o n  w i l l  be g iven  t o  t h e  problem of  i d e n t i f y i n g ,  
p r e p a r i n g ,  and e v a l u a t i n g  p o t e n t i a l l y  i n e x p e n s i v e  s u b s t r a t e  m a t e r i a l s  
t h a t  a r e  ( o r  can be)  a v a i l a b l e  i n  l a r g e  a r e a s  and w i l l  t o l e r a t e  
t h e  e x p e r i m e n t a l  envi ronment  of  t h e  M O - C V D  p r o c e s s .  Some o f  t h e  
m a t e r i a l s  c o n s i d e r e d  f o r  use a s  s u b s t r a t e s  a r e  l i s t e d  i n  F igure  6 ,  
and i n c l u d e  c e r t a i n  h i g h - t e m p e r a t u r e  g l a s s e s ,  p o l y c r y s t a l l i n e  
ce ramics  ( such  as  f i r e d  a l u m i n a s ) ,  g l a s s - c e r a m i c s ,  and s e l e c t e d  
m e t a l s - - e s p e c i  a1 l y  molybdenum, t u n g s t e n ,  and Kovar. Thermal expans ion  



c o e f f i c i e n t s  of  some of  t h e s e  m a t e r i a l s  a r e  shown as a  f u n c t i o n  o f  
t e m p e r a t u r e  i n  F i g u r e  7 .  

When adequa te  s u b s t r a t e  ma te r i  a l s  become a v a i  1 a b l e - - a n d  a f t e r  t h e  
main C V D  pa ramete r s  r e q u i r e d  f o r  s a t i s f a c t o r y  d e p o s i t i o n  of InP 
a r e  e s t a b l i s h e d  w i t h  r e a s o n a b l e  c e r t a i n t y - - t h e y  w i l l  b e  . u sed  f o r  
growth o f  f i l m s  of InP t h a t  w i l l  p robab ly  be p o l y c r y s t a l l i n e ,  
Spec i  a1 t e c h n i q u e s  of s u b s t r a t e  s u r f a c e  p r e p a r a t i o n  and C V D  f i  lrn 
n u c l e a t i o n  and growth w i l l  be invoked i n  o r d e r  t o  a c h i e v e  s u f f i c i e n t  
c r y s t a l  g r a i n  s i z e  i n  t h e  f i l m s  t o  p e r m i t  good h e t e r o j u n c t i o n  
p r o p e r t i e s  and a c c e p t a b l y  high photovol  t a i c  power conver s ion  e f f i -  
c i e n c i e s .  A p p r o p r i a t e  dopi ng methods w i  11 be appl i e d  t o  a c h i e v e  
t h e  r e q u i r e d  p r o p e r t i e s  i n  t h e  InP b a s e  m a t e r i a l .  

When InP f i l m s  f i r s t  become a v a i l a b l e ,  i r r e s p e c t i v e  o f  t h e  n a t u r e  
of t h e  s u b s t r a t e ,  t hey  wi 11 be c h a r a c t e r i  z e d  f o r  t h e i  r : v a r i o u s  
m a t e r i a l  p r o p e r t i e s  a t  Kockwell and - t o  some e x t e n t  - . ' a t  S t a n f o r d .  
These i n i t i a l  f i l r t ~ s  and o t h e r s  p r e p a r e d  t h r o u g h o u t  t h e  program 
w i l l  be used a t  S t a n f o r d  f o r  t h e  f o r m a t i o n  of h e t e r o j u n c t i o n  
s t r u c t u r e s  by d e p o s i t i o n  of  f i l m s  of CdS ( p r i m a r i l y ) ,  ZnCdS, ZnSe, 
and p o s s i b l e  ZnSSe, u s i n g  vacuum d e p o s i t i o n  o r  chemical  s p r a y i n g  
t e c h n i q u e s .  The p h o t o v o l t a i c  p r o p e r t i e s  of  t h e  r e s u l t i n g  h e t e r o -  
j u n c t i o n s  w i l l  be e v a l u a t e d  a t  S t a n f o r d ,  u s i n g  e l e c t r i c a l  c o n t a c t  
methods developed e a r l i e r  i n  t h e  program both  a t  S t a n f o r d  a n d  a t  
Rockwell .  

F i n a l l y ,  a t t e n ' t i o n  w i l l  be g iven  t o  c o s t  a n a l y s e s  of t h e  c e l l  
s t r u c t u r e s  as p r e p a r e d  i n  t h e  program, and ' p r o j e c t i o n s  o f  t h e  
p o s s i b l e  c o s t s  of  l a r g e  q u a n t i t i e s  of t h e  c e l l s  i n  f u t u r e  y e a r s  
w i l l  be p e r i o d i c a l l y  a d j u s t e d  t o  make use of t e c h n i c a l  developments  
i n  t h e  on-going  w o r k .  

The t e n t a t i v e  program p lan  i s  i n d i c a t e d  i n  t h e  diagram of F i g u r e  8. 
D e t a i l s  remain t o  be developed i n  t h e  c o n t r a c t  r ~ e g o t i a t i O n s  w i t h  
E R D A  and i n  s u b s e q u o n t l y  a r r a n g i n g  t h e  s u b c o n t r a c t  w i t h  S t a n f o r d .  
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OVERALL O B J E C T I V E  

TO CONDUCT FUNDAMENTAL S T U D I E S  WHICH MAY L E A D  TO A 

LOW-COST H I  G H - E F F I C I  ENCY LONG-LI  FE PHOTOVOLTAIC 

SOLAR C E L L  U S I N G  A POLYCRYSTALL INE F I L M  OF InP 

S P E C I F I C  T E C H N I C A L  OBJECTIVES 

TO DEVELOP THE METALORGANIC CHEMICAL VAPOR D E P O S I T I O N  

PROCESS FOR GROWTH OF GOOD-QUALITY SINGLE-CRYSTAL OR 

POLYCRYSTALL INE F I  LMS OF I n P  ON CAREFULLY-SELECTED 

LOW-COST SUBSTRATE M A T E R I A L S  

0 TO EVALUATE THE STRUCTURAL, ELECTRICAL ,  AND O P T I C A L  

PROPERTIES OF THE RESULTING I n P  F I L M S  

Q TO FORM HETEROJUNCTION D E V I C E  STRUCTURES B Y  D E P O S I T I O N  

OF F I L M S  OF OTHER SEMICONDUCTORS ON THE I nP F ILMS,  

AND TO EVALUATE THE PHOTOVOLTAIC PROPERTIES OF THESE 

COMPOSITES 

8 TO ANALYZE PRESENT COSTS AND PROJECT FUTURE COSTS OF 

LARGE-SCALE Q U A N T I T I E S  OF PHOTOVOLTAIC SOLAR CELLS 

MADE BY THE PROCESS UNDER DEVELOPMENT 
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S P E C I  F I C  PROGRAM TASKS 

1, DEVELOPMENT OF MO-CVD PROCESS FOR I n P  FILM GROWTH 

2 1 I D E N T I F I C A T I O N ,  EVALUATION,  AND DEVELOPMENT OF 

I N E X P E N S I V E  SUBSTRATE MATERIALS 

3 I GROWTH OF I n P  FILMS BY MO-CVD ON INEXPENSIVE SUBSTRATE 

MATER I ALS 

4, EVALUATION OF I rlP F I  L M  PROPERTI ES 

5 I FORMATION AND EVALUATION OF HETEROJUNCTION PHOTOVOLTAIC 

DEVI CE STRUCTURES ON I n P  FILMS (STANFORD SUBCONTRACT) 

6 ,  ANALYSIS AND PROJECTION OF CELL PERFORMANCE AND COSTS 

7 I PREPARATION OF REPORTS AND DATA AND P A R T I C I P A T I O N  I N  

PROGRAM REVIEW .MEETINGS 
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P R I N C I P A L  TECHNICAL  PROBLEM AREAS 
. . 

E S T A B L I S H I N G  PREFERRED MO-CVD PROCESS PARAMETERS 

(TEMPERATURE ,. REACTANT CONCENTRAT IONS , CARRI ER GAS 
. . .  

COMPOSITION, DOPING IMPURITIES, GROWTH RATE) FOR 

BEST PROPERTIES OF I n P  F I L M S  D E P O S I T E D  ON VARIOUS 

SUBST'RATES USED " 

I D E N T I F Y I N G .  S U I T A B L E  SUBSTRATE M A T E R I A L S  THAT WILL 

SURVIVE ENVIRONMENT OF MO-CVD PROCESS, B E  P O T E N T I A L L Y  

I N E X P E N S I V E  AND A V A I L A B L E  I N  LARGE AREAS, YET B E  AS 

FAVORABLE AS POSSIBLE TO I n P  GRAIN GROWTH 

ACHIEVING ADEQUATE GRAIN SIZE IN I ~ P  FILMS ON INEXPENSIVE 

SUBST.RATES T O  PROVIDE SAT1  SFACTORY SOLAR C E L L  

PROPERTIES 
. . 

I . 
0 A C H I E V I N G  HETEROJUNCTION STRUCTURES OF I n P  AND CdS (OR 

OTHER SEMI CONDUCTOR) HAVING THE REQUI RED PHOTOVOLTAI c 

PROPERTIES, 



T H I N  POLYCRYSTALLINE FILMS OF INDIUM PHOSPHIDE ON LOW-COST SUBSTRATES 

I 

S c h e m a t i c  D i a g r a m  o f  R e a c t o r .  S y s t e m  f o r  D e p o s i t i o n  o f  I n P  a n d  O t h e r  F i l m s  

b y  M O - C V D  P r o c e s s  

EXHAUST ACUUM 



T H I N  POLYCRYSTALLINE FILMS OF INDIUM PHOSPHIDE 

ON LOW-COST SUBSTRATES 

I 
' . PRINCIPAL CHEIIICAL REACTIONS I N  I n P  CVD 

DIRECT METALORGANIC-HYDRIDE REACTION I N  CVD REACTOR 

( c ~ H ~ ) ~ I ~  -+ pH3 -1nP + 3c2H6 

(AT ELEVATED TEMPERATURES: 600- 7000 C) 

FORMATION OF ADDITION COMPOUND OUTSIDE REACT.0R CHAMBER 

( ~ ~ ~ ~ ) ~ 1 n  + PHij ( c ~ H ~ ) ~ I ~ : P H ~  
room t emp  

(c2H5 l31  n : pH3 -- [ (C2H5)21nPH2] 
h e a t  

C H '  
[(C2H5)21nPH2] h e a t  [C2H51nPH] x 

C H 
[(c2"JnpH ] -26 In, 

x h e a t  



T H I N  POLYCRYSTALLINE F I L M S  OF I N D I U M  PHOSPHIDE ON LOW-COST SUBSTRATZS 

SUBSTRATE 
IDENTIFICATION 

Corning 0221 

7059 

i Coors ADS96F 
ADS995 
Vistal 

I MRC Supontrate 

I Tungsten 

I Kovar 

InP 

GaAs 

Sapphire L 

Examples o f  S u b s t r a t e  M a t e r i a l s  C o n s i d e r e d  f o r  I n P  M O - C V D  Growth  

Lime Borosilicate 
Alurninusilicate 
Barium Alumino- 

Borosilicats 

Alumina 
Alumina 
Alumina 

THERMAL EXPANSlQN 
COEFF (TEMP RANGE) 

( 1 0 ~ ~  PER DEG C) 

7.4(0-300 CI 
5.4(25-670 C) 
4.6(0-300 Cl 

SURFACE ROUGHNESS 

<I Microinch 
<0.5 Microinch. 
<0.5 Microinch 

Alumina 1 7.3(25-800 C) I 4-5 Max 1 99.6 

<l Microinch 

<I-2 Microinch 

Alumina 
Alumina 
Lead Borosilicate 
on Alumina 
Alumina 

W Sheet or Foil 1 5.0125-700 C) I I 

f .9(25-900 C) 
7.7(25-900 C) 

-6.5(40-540 C) 

7.7(25-900 C) 

Mo Sheet or Foil 1 6.0(25-700 C) I I 
Ni-Co-Fe Alloy 
Foil or Sheet 

Single Crystal Slice 1 4.5(. - 1 . 1 . . , I 

REPRESENTATIVE APPROXIKIATE 
COST FOR RELATIVELY 

LARGE QUAUTlTlES 

Sin jle Crystal Slice 

$0.03llin?(12 i 14 in sheet) as drawn I 
- 2  

$0.1 l l i n *  (144 in.) polished 
~0 .04 / in .~  (168 in$ as drawn 

6.9 (-62-200 C )  

$0.06/in* (40 x 103 in*)  
$0.08/in* (40 x l o 3  in.2) 
$0.13/ in~ (40 x 103 8.2) 

I 
~ l / i n . ~ ( l  2 in. wide rhbnn) 4 $2.39/in. (10,000 in? with Grains) 



T H I N  POLYCRYSTALLINE FILMS OF INDIUM PHOSPHIDE ON LOW-COST SUBSTRATES 

. < 

 ine ear Thermal Expansion ~ o e f f i  c i e n t s  as Function of i e n i p e r a t i r e  * .  . . . . - . - . ,  __ ... 
. . . :;. r .:. ,,- .! 

f o r  ' I ~ P  and s eve ra l  Other Mate r ia l s  of I n t e r e s t '  
. . 

SAE 1020 . . 

a 
SAPPHIRE I1 C-AXIS 

\POLY ALUMINA 

CORNING 1723 ( > 88% PURITY) 

CORNING 1720 

CORNING 8608 GLASS CERAMIC - FUSED QUARTZ 
(SILICA) 

-2 0 100 200 300 4 W  5 W  600 700 800 800 1000 1100 1200 1300 1400 

TEMPERATURE ( O K )  



THIN POLYCRYSTALLI  NE FILMS,  OF I'NDI UM PHOSPHIDE OW LOW-COST SUBSTRATES ' ' 

. . 

~ e n t a t i v e  Program P l a n  

MONTH 

TASK 
4 5 6 7 8 9 10 11 12. 13 14 

I.  DEVEL OF MO-CVD PROCESS.FOR InP 

REACTOR SYSTEM DESIGN,. ASSY, I I 

AND MODIFICATION I 

cvo PARAMETER STUDY . . 

DEVELOPMENT OF DOPING PROCEDURES . 

2. IDE'NT, E V A L  AND DEVELOP. OF 
INEXPENSIVE SUBSTRATES 

WS DEPOSITION ON InP FILMS 

ZnSe DEPOSITION ON InP FILMS 

CdS DEPOSITION ON IT0  FOR CVD 

CHARACTERIZATION OF HETEROJUNCTIONS 

6: ANALYSIS AND PROJECTION OF 
CELL PERFORM. AND COSTS 1 

7. REPORTS AND MEETINGS . . . . . . 

MONTHLY REPORT .. . 1 v 
. . 

QUARTERLY REPORT . . 

DRAFT FINAL REPORT (DFR) 

FINAL REPORT 

QUARTERLY PROGRAM REVIEW MTNG 

I 

LES FOR DELIVERY TO ERDA I ' MIN~MW OF 4 c'MZ EACH  NTH ' - 1 '  I I I 1 I I 1 b 
. . 

. . 

- 

I 

I 

FOUR R~VIEWS AS SZHEDULED BY ERDA 1. 
I I I I I I I I 

v 
v .  

I 

I 

I 
DUE 30 DATS AFTER RF&IP;T OF APPROVAL 3 F  DFR 

1 I 

'J 
. ' 

. 

I 

I L 

v 

I I 

V' v ,  

I 

v 
. 
. 

I 
v \ , V  0 

. .  

v 
V 
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ABSTRACT 

Ihe objective of  the pmject  i s  the development of lon sheet 

resistance (H 1 ohm/square), transparent cadmium stannate coatings and 
. . 

the incorporation and tes t ing  of these electrodes i n  CBS (bmhmll) and 

si l icon solar  ce l l s .  m e  tasks also include the develo-nt of an 

ecommical spray deposition technique. 

During the past s i x  months work was directed toward improving 

the economics of the spray deposition pmceas and achieving a be t t e r  

~ p t i o a ~ l  q w l f , t y  o f  low-8heet resistance (.: 10 ohm/squars), ~ p l a ~ ~ c o a t e d  

cadmium stannate films. I n  addition, conditions were optimized fo r  the 

sputter deposition .of cadmium stanna.te electrodes onto single c rys ta l  

s i l icon substrates and wbrk continued on the CdS backwall s o w  cel l .  

Unti l  recently, the conditions used f o r  spray coating c ~ d m i ~ m  

stannate caused concern for  the economic v iab i l i ty  of t h i s  technique. 

Deposition tines of 20 minutes were needed f o r  10 ohrn/square' films and 

a large excess of cadmium i n  the spray solution was required t o  achieve 

compound formation. We have now succeeded i n  correcting these deficiencies. 

Coatings ~ 5 t h  H 10 ohm/squarc sheet resistance can be prepare& i n  three 

minutes and it i s  likely tha t  t h i s  time can be reduced M h e r .  I k e  

~ d / ~ n  m t i o  i n  the spray solution has been lowered f l v m  20:l t o  5:l. 

The opt ica l  transmission of films i n  the 5-10 ohm/square range has been 

increased significantly f r o m  l e s s  than 20$ t o  a t  l e a s t  60$. Here, 

additional work i s  needed t o  achieve transmissions higher than 8%. 

I n  preparation for  the coating of s i l icon solar c e l l s  with 

transparent cadmium stannate electrodes by sputtering the deposition 

conditions onto S i  wafers were optimized and the opt ical  properties 



i n v e s t i g a t e d .  It was e s t a b l i s h e d  t h a t  cadmium s t a n n a t e  impar t s  s o l a r  

s e l e c t i v i t y  t o  t h e  s i l i c o n  s u b s t r a t e ;  t y p i c a l  va lues  a r e  0.1 e m i s s i v i t y  

and 85% t o t a l  a b s o r p t i o n  (without  a n t i r e f l e c t i v e  c o a t i n g ) .  seven s i l i c o n  

s o k i r  c e l l s  were rece ived  from IiASA and coa ted  w i t h  cadmium s t anna te  

e l e c t r o d e s .  Tne c e l l s  have been r e tu rned  t o  IUSA f o r  t e s t i n g  and 

eva lua t ion .  

ZnxCd S f i l m s  have been depos i t ed  on to  Cd2Sn04. An i n i t i a l  
1 -x 

adherence problem was a l l e v i a t e d  by depos i t i ng  t h e  cd2snob onto Corning 

7059 g l a s s .  Op t i ca l  bandgap, l a t t i c e  parameter  and e l e c t r i c a l  r e s i s -  

t i v i t y  measurements were made. V va lues  up t o  .63 v o l t s  were measured 
OC 

f o r  Cd2Sn04/ZnxCdl-xS/Cu S s o l a r c e l l s ,  with x . 2 .  
Y .  
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PROJECT OBJECTIVES 

PREPARE HIGHLY TRANSPARENT, ELECTRICALLY CONDUCTING 
THIN COATINGS OF CADMIUM STANNATE 

DEVELOP SPRAY TECHNOLOGY FOR FABRICATION OF 
CADMIUM STANNATE FILMS ON TRANSPARENT SUBSTRATES 

' EVALUATE PERFORMANCE OF CADMIUM STANNATE 
BACKWALL ELECTRODES IN CdS.SOLAR CELLS 

a DEPOSIT CADMIUM STANNATE FILMS ONTO SILICON SUBSTRATES 
AND ASSES POTENTIAL FOR FRONT ELECTRODES IN SILICON 
SOLAR CELLS 



IMPROVE OPTICAL PROPERTIES AND REPRODUCIBILITY OF LOW-SHEET 
RESISTANCE (< 10 OHMISQUARE) SPRAY COATED CADMIUM STANNATE FILMS. 

INCREASE BACKWALL EFFICIENCY OF CdS CELLS BY OPTIMIZING' FABRICATION 
PROCEDURE. 

COAT SILICON SOLAR CELLS WITH CADMIUM STANNATE FRONT ELECTRODES 
AND EVALUATE PERFORMANCE. 



SPRAY DEPOSITION OF CABMIUM sfANNATE 

ECONOMICS OF DEPOSITION PROCESS IMPROVED BY: 

1. REDUCTION OF SPRAY TIME FROM 20 MIM. . ' 

TO 3 MIN. FOR - 10 OHMISQUARE FILMS 

2. DECREASE OF CdISn RATIO IN  SPRAY SOLUTION 
FROM 20: 1 TO 5: 1 

OPTICAL TRANSMISSION OF FILMS IN 6 - 10 OHMISQUARE 
RANGE INCREASED FROM < 20% TO 60% 

0 REPRODUCIBILITY OF ACHIEVING SHEET RESISTANCES 
< 20 OHMISQUARE SIGN! FICANTLY IMPROVED 

5 

LOWEST SHEET RESISTANCE TO DATE: 3 OHMISQUARE 



CADMIUM STANNATE DEPQSlTlON 
." ' ONTO 'SI LICOH SUDSTRATES 

OPTICAL (REFLECTIVITY) AND ELECTRICAL PROPERTIES 
OF SPUTTER-COATED FILMS ON SILICON DEPEND ON 
SUBSTRATE SURFACE PREPARATION 

CADMIUM STANNATE COATED SILICON FORMS HIGHLY 
SELECTIVE SOLAR ABSORBER 

SEVEN SILICON SOLAR CELLS RECEIVED FROM NASA, 
COATEb WITH CADMIUM STANMATE ELECTRODES AND 
RETURNED FOR EVALUATION 



10 - - 

I I I I 1 1 1 I _ 
0.2 0.4 0.6 0.8 1.0 3.0 5.0 7.0 9.0 11.0 13.0 15.0 17.0 

A CHANGE OF SCALE WAVELENGTH [ pm] 
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SUMMARY OF KEY RESULTS 

IMPROVED TRANSPARENCY OF SPRAY COATED CADMIUM STANNATE F I L M S  I N  

5-10 OHM/SQUARE RANGE 

IMPROVED ECONOMICS OF SPRAY DEPOSITION TECHNOLOGY 

C d 2 S n 0 4  SUITABLE SUBSTRATE FOR Zn C d  S FILM.  Cd2SnOq/ZnxCdl-xS/  
x 1-x 

C u  S BACKWALL C E L L S  WITH V UP TO .63V FABRICATED 
Y 0 C 

S I L I C O N  SOLAR C E L L S  COATED WITH TRANSPARENT CADMIUM STANNATE 

ELECTRODES AND SUBMITTED FOR EVALUATION 



SEMI, ANNUAL NATIONAL SOLAR 'PHOTOVOLTAIC PROGRAM REVIEW, MEETING 

August 3 - 5 ,  1976 ' 

University of Maine, Orono, Maine ' 

DATE . TI ME EVENT . . SPEAKER 

Mon. Aug. 2 Arrival of Most Attendees 
. .. 

Tues. Aug 3 8:30 AM . Registration . ' . 
9:OO :Welcome Announcements ' . . Kazmerski/U of Maine 

SESSION I - Status of Photovoltaic Con- 
version Program - Chairman - M. 
Prince 

9 :10 Opening Comments Blieden/ERDA 
9:20 National Photovoltaic Plan - Update Pi.inc e/ER DA 
9:30 Preview of Meeting , ' Magid/ERDA 
9:40. R&D ~ o n i t o r i n g  and Management Warschauer/ERDA 
9:50 Discussion 
1O:OO Coffee Break 

SESSION I1 - Photovoltaic Systems I - chairman. - L. Masid 

10:15 AM Mission Analysis Leonard/Aeros pac e 
10:45 Solar Electricity - Ah ut i l i ty  viewpoint Braun/So. Cal . . Edison 
11:05 Systems Definition Project Schueler e t  a l . /  Sandia 
11:35 Discussion 
11:50 Lunch Break . . 

SESSION. 111 - Polycry s talline Silicon Materials 
and Devices - Chairman D. M. Warschauer 

. . 

Low-Cost Thin-Film sil icon Cells . . Chu /SMU 
Epitaxial Silicon ~ e c h n o l o g y  D8Aiello/RCA 
CVD Silicon . Mana sevit/Rockwell 
Ultravacuum Vapor. ~ e p o s i t i o n  of sil icon Frost/G . E . 
Recrys tall4zation of Thin-Film Silicon . . . . Kirpatrick/Simula tion 

. . Physics 
Amorphous sil icon Cel ls  ' Carlson/RCA 
Transient Capacitance Measurements . Lindholm/~'. Fla . 

. . Sah/,U. Ill'. 
Energy Beam ~ e p o s i t i o n  of ~ i l i c b n  Baghdadi/Motorola 
Discussion 
Coffee Break . , . . 



Wed .Aug . 4  

9 5 8 
SESSION IV - Photovoltaic Systems I1 - 

Chairman -..L. M.. Masid . . 

Conceptual Design and Systems Analysis Kirpich/G.E. - .  

Conceptual Design and systems Analysis Pittman/Westinghouse 
I 1  I 1  II I t  Bartels/Spectrolab .. 

Discussion 
Adjournment . . . . 

SESSION V-11-VI Semiconduc_to~Mgt&.& , 

and Uevices - chairman D. M. Warschuaer 

CdS Spray Technology 
I 1  . I! ' I 1  

CdS Thin-Film Cel ls  ' . . 
I 1  II II I 1  

11-VI Heteroj unctions " 

- .  
cof fee  Break 
Cu 2S andTernary Compound Cel ls  
Thin-Film Teniary Cel l s  
CdTc on Glass  Cel ls  
Discussion 
Lunch Break. . n 

Jordan/Baldwin 
Samara/Sandia 
Barnett/U . Dela . 
Shirland/Westinghouse 
Au be 6 Fa hrenbruck/ 
Stanford U .  

Loferski/~rown U . 
Kazmerski/U of Maine 
~ o d /  Monogram 

SESSION VI - Low-Cost Silicon Solar Airays ' .  
chairman - L.M. Magid . 

Low-Cost Silicon Solar Array h o j e c t  
Si Material Task 
Si Sheet Task 
Encapsulation .Task 
Automated Array Task. 
Large Scale Production Task 
Engineering & Design - 

Discussion . . 

Coffee Break 

SESSION VII - Tests and Demonstrations 
Chairman - D. M. Warschauer 

Test & ~ p p l i c a t i o n s  Project 
Applications Activities 
Military .Applications .Project 
Discussion 
Adjournment 
Social Gathering 

.Deyo e t  a l / ~ A s A - ~ e w i s  
Pope/Lincoln Lab 
Faehn/MERADCOM 



9 5 9 
;. Thuri;'. Aug . - 5 
I 

SESSION VIII - Concentration Systems 
.. . Chairman. Magid 

8:15 AM Concentration Systems Project ~ c h u e l e r  e t  a1 ./Sandia 
9:OO High Energy Density P/V convertors Navon/U . Ma,ss . 
9:20 Discussion 
9 :35 Coffee Break 

. . 

Fri . Aug .6 

SESSION M - GaAs Materials & ~ e v i c e s . '  
.Chairman - D. M. Warschauei 

9 :50 AM AMOS GaAs Solar Cel l s  Stirn/JPL / 
10 :10 Thiri-Film GaAs Cells Mattes/ ~tanf,drd Univ . 
10 :3 0 Polycrystalline GaAs Cel ls  ' . -  Ghandhi/~ea/sselear Poly 
10:50 ' . CVD. GaAs Dapkus/Rockwell 
1l:lO . Thin-Film GaAs Cel ls  Chu/SMU 
11:30 - Discussion 
11 :45 . . . Lunch ,Break 

SESSION X - Other Materials & Devices 
Chairman - D. M. Warschauer 

Silicon Schottky -Photovoltaic Devices Anderson/Rutgers Univ . 
Heterojunction Solar Cel l s  ' Anderson/Syracuse Univ . 
Efficient Oxide Semiconductor Solar Cells Du~ow/Colorado St. U . 
Silicon Heterojunction Investigation . .. Shaw/EXXON 
Plans for MIS Silicon c e l l s  " Szedon/Westinghouse & 

Penn St. Univ . . . 

Coffee. Break 
Cuprous Oxide W Cells  Trivich/Wa yne St. Univ . 
Cwprous Oxide Solar Cel ls  Olsen/U . of Wash. . ' 

Zn P for Solar Cel ls  Warfield/U . of Delaware 
cu3n8e2 for Solar Cel ls  Mickelsen/Boeing 
Ternary Materials for Solar Cel ls  Littlejohn/N .C.  State U. 
Thin- Film Photovoltaics Zieger/Lincoln Lab 
InP Film Growth by Vapor Deposition Zanio/Hughes 

II II I# #I . #I . Rutl/Rockwell & 

Stanford Univ . 
Discussion 
Meeting Adjournment 

9 :00 AM Closed Meeting of Ad Hoc Photovoltaic 
Review Group 

1:30 PM Adjournment 

W . S .  COVERNMEm PRINTING OFFICE: 1976-740-06215 




