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PREFACE 

This report presents an analysis of the data developed during 

.a study entitled "An Investigation of the Effects of Impurities and 

Processing on Silicon Solar Cells" conducted under JPL Contract 954331. 
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R. H. Hopkins - Program Manager and Silicon Web Studies 

J. R. Davis -Device Testing, Data Synthesis and Modeling 

A. Rohatgi - Detailed Device Analysis and Deep Level Spectroscopy 

M. H. Hanes and R. B. Campbell - Thermochemical Processing and 

Aging Studies 

P. Rai-Choudhury - Device Processing 

H. ·c. Mollenkopf - Principal Investigator, Crystal Growth 

and Analysis 

We .are indebted. to the following individuals for their capable 

technical assistance: D. N. Schmidt (cell processing and testing), 

B. F. Westwood, J. McNally, R. R. Adams, J. M. Bronner and W. Cifone 

(process experiments and pho·tolithography), A. M. Stewart (material 

characterization and web growth), H. F. Abt (metallization), S. Karako 

(DLTS measurements), T. Zigarovich (r.task preparation). 

Debbie Labor prepared the report manuscript; the text was 

edited by G. Law~ 

Dr. Alan Yarnakawa served as technical monitor for the program 

at the Jet Propulsion Laboratory. 
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1. SUMMARY 

This is the Fina.l Report of a multiphase program conducted as 

part of the Silicon Materials Task of the LSA Project. The object.of the 

program has been to. investigate the effects of various processes, metal 

contaminants, and contaminant-process interactions on the properties of 

silicon and on the performance of terrestrial silicon solar cells. The 

study has encompassed topics such as thermochemical (gettering) treat

ments, base-doping concentration, base-doping type (n vs. p), grain 

boundary-impurity interaction in polycrystalline devices, apd long-term 

effects of impurities and impurity impacts on high-efficiency cells, 

as well as a preliminary evaluation of some potenti~l low-cost silicon 

materials. The work is nol>T completed, and some of the highlights are 

given below. 

We have studied the effects of various metallic impurities, 

introduced singly or in combination into Czochralski, float zone, and 

polycrystalline silicon ingots and into silicon ribbons grown by the 

dendritic web process. The metals were added in controlled and reproducible 

fashion with a primary boron or phosphorus dopant to proquce n- or p-type 

conductivity. All crystals were analyzed chemically microstructurally, 

electrically, and via solar cell fabrication and testing. 

Taken in toto, the solar cell data (collected from 238 

experimental ingots) indicate that impurity-induced performance loss is 

caused primarily by a reduction in base diffusion length. An analytical 

model based on this observation has been developed and verified 

experimentally for both n- Rnd p-base material. It predicts quite well 

the performance of silicon cells bearing multiple contaminants. Only 

Fe, Cu, Ni, and to a lesser extent, Co deviate .from the model assumptions; 

cell degradation in these cases is caused by precipitate-induced junction 

effects. Several metal contaminants, noteably Ti and V, produce considerably 

less cell performance reduction in n-base devices than in the p-hase cells. 
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Studies of polycrystalline ingots containing impurities indicate 

that solar cell behavior is species sensitive and that a fraction of the 

impurities are segregated to the grain boundaries during cooling of the 

ingots from the growth temperature. Cr, a rapidly diffusing species in 

silicon, exhibits a tenfold reduction in electrical activity at grain 

boundaries while Mo,a slow diffuser,shows no measureable activity 

reduction. Twin boundaries do not act as impurity sinks. Detailed 

analysis of contaminated poly cells via I-V~ spectral response, and 

DLTS measurements showed that the impurity concentration and lifetime 

within grains is similar to that expected fo~ a single crystal containing 

the same impuritY. 

HC1 and POC1 gettering improve the performance of single

crystai solar ceiis containing Fe, Cr, and Ti. In contrast Mo-doped 

material is barely affected by the treatment,apparently because Mo 

diffuses only slowly in silicon. Qualitatively similar behavior was 

observed for the gettering of polycrystalline devices although cell 
' 

efficiency improvements are smaller due to the presence of the grain 

boundaries. Argon ion implant damage does not significantly enhance 

gettering. Gettering of Ti, and probably other species as well, is a 
l 

thermally activated, diffusion-controlled process. 

The efficiencies of solar cells fabricated on impurity-doped 

wafers is lower when the front junction is formed by ion implantation 

than when conventional diffusion techniques are used. 

When subjected to accelerated aging at high temperatures, most 

impurity-doped solar cells exhibit rates of cell performance reductions 

which, extrapolated to operating temperatures, would assure stability for 

projected times beyond 20 years. Ag and Cr-doped cells degrade at a 

more rapid rate consistent with the higher diffusion rate of these 

elements in silicon. No long-term effects due to impurity interactions 

with the internal electrical field of solar cells was measured at 

temperatures up to 280°C. 
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Feedstock impurity concentrations below one part per million 

for elements like V, or 100 parts per million for more benign impurities 

like Cu or Ni,will be required even with crystal growth methods like 

Czochralski or silicon web,which exhibit large melt segregation effects. 

The exact value of the acceptable impurity content for Solar Grade 

Silicon depends on tolerable cell efficiency, crystal growth method, melt 

replenishment strategy and cell process sequence. Our data base and the 

model equations permit each manufacturer to assess the utility of a 

solar grade of silicon to his specific process sequence. 
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2. INTRODUCTION 

This is the Final Report of a multi-year study conducted under 

JPL Contract 954331. The program's objective was to define the effects 

of impurities and processing on the -characteristics of silicon and 

terrestrial silicon solar cells so that poly-silicon manufacturers, 

wafer manufacturers, and the producers of solar cells can riP.vP.lop 

'cost-benefit relationships for the use of cheaper, less pure solar 

grades of silicon. 

The program evolved in four phases. 
1 2 

In Phases I and II, ' 

we established empirically what concentrations of commonly encountered 

impurities could be tolerated in typical p or n-base solar cells, then 

developed a preliminary analytical model from which·the cell performance 

could be projected depending on the kinds and amounts of contaminants 
3 

in the silicon base material. During Phase III, the impurity data 

base was expanded to include construction materials, and the impurity-

performance model was refined to account for additional effects such as 

base resistivity, grain boundary interactions, therrual processing, 

synergic behavior, and no~-uni~orm impurity distributions. A preliminary 

assessment of long-term (aging) behavior of impurities was also undertaken. 
·, ' ~ . 

The objectives of the Phase IV activity were to complete the s·tudies of 

thermochemical processing and aging effects, to examine in greater detail 

impurity behavior in ·polycrystaliine Anri high-Pffiri,-n'=Y lilOlar calls, 

and to evaluate the properties of some potentially low-cost silicon 

materials. 

Our general ~pproach was to: (1) grow silicon single crystals 

containing a baseline boron or phosphorus dopant and specific impurities 

which produce deep levels in the forbidden hanri g:~p; (2) assess crystal 

quality by chemical, microstructural, electrical, and solar cell tests; 

(3) correlate impurity type and concentration with crystal quality and 
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device performance; and (4) define how impurities and processing affect 

subsequent silicon solar cell performance. 

The program is now completed. We have presented comprehensive 

summaries of previous work in references 1 to 3, so a major portion of 

this report concerns the Phase IV activities and an analysis of overall 

results. Key findings from earlier phases are reiterated·where 

necessary for clarity and completeness. Previous analytical results and 

device data have been updated where possible to reflect the most current 

information. Tabulations of Phase IV data appear in Appendices I to V. 

We have highlighted here the analysis of.experimental results 

and their implications with respect to the use of "solar" grades of 

silicon. Readers interested in our experimental methodology - for e:-:anpJ.e, 

deep-level spectroscopy, detailed dark I-V mea~urements, recombination 

lifetime determinations, scanned-laser photo-response, conventional solar 

cell I-V techniques, and. silicon chemical analysis- are referred to 

Vol. 1 of reference 3, which also contains extens~ve tabulations of the 

chemical, electrical and solar cell characteristics of impurity~doped 

silicon gathered during Phases I to III. A list of related papers on 

impurity effects on silicon is collected in Appendix.VI~ 
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3. THE IMPACT OF IMPURITIES ON SILICON AND SILICON SOLAR CELLS 

3.1 Impurity Selection 

Our study was directed to the needs of potential makers and 

users of less pure but cheaper solar grades of silicon: polyci.ystalline 

silicon producers, crystal growers who transform the silicon to sheet 

or wafers, and solar cell and array manufacturers. Thus, to develop the 

impurity matrix (Table 1) for this study, the impurity species chosen 

were those which: (1) commonlv occur in metallur2ical g'r;ulP. si li l"'nn, ::. · 
2 

feedstock for many low-cost silicon processes, (2) may be introduced 

during silicon production, (3) are used to construct crystal growth or 

silicon process equipment, or (4) may be employed as device contact metals. 

The concentration ranges used for a given species depended on 
4 

(1) the solid solubility in silicon, (2) the maximum tolerable concen-
5 

tration.for single-crystal growth, (3) the threshold for solar cell 
. 1 2 6 7 

performance reduction, ' and (4) the analytical detection limits. ' 

The targeted base resistivities, 4 to 6 n-cm for p-type ingots and 1 to 

3 n-cm for n-type ingots (Ref. 3 and Appendix I), lie close to the range 

obtained typically in commercial practice. Resistivities as low as 0.2 

n-cm and as high as 30 n-cm were examined in selected ingots to test for 

any interactions between the base dopant and the metal contaminant. A 
3 

few boron-doped, phosphorus-compensated ingots were also produced. 

3.2 Ingot Growth and Evaluation 

3.2.1 Crystal Growth 

3 
All ingots save five which were float-zoned were prepared by 

Czochra7 .. ski pulling. 

(1) a relatively flat 

either before or after 

growth conditions, and 

This method offers several advantages including: 

doping profile, (2) the addition of impurities 

melt-down, (3) the ability to vary significantly 

(4) the possibility to sample the melt at the 

completion of crystal growth to determine melt impurity concentration. 
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Impurity 

* Aluminum 
Boron* 
Calcium 
Carbon** 
Chromium ( +) 

Cobalt 
Copper (+) 

Gadolinium 
Gold 
Iron (+) 
Lead (+) 
Magnesium 
Manganese (+) 

Molybdenum 
Nickel 
Niobium 
Oxygen** 
Palladium 
Phosphorus* (+) 

Silver 
Tantalum 
Tin 
Titanium (+) 
Tungsten 
Vanadium (+) 
Zinc 
Zirconium 

TABLE 1 IMPURITY MATRIX 

Approximate Concentration Range 
(lol5cm-3) 

3-120 

0.1 
20-500 
0.1-1.1 
0.054-3.0 
0.4-60 

<0.07 
0.6 
0.02-1.5 

<0.1 
0.003-0.03 
0.01-4.0 
0.000046-0.0042 
0.4-10 

<0.044 
500-1700 
6.5 
1.0-150 
2.2-4.5 
0.000065-0.004 
4846 
0.0036-0.36 
0.00014-0.0015 
0.0004-0.4 

<0.001 
<0.0007 

* Boron, phosphorus, and aluminium are electrically active 
impurities and therefore cause variations in resistivity 
when used as a secondary impurity. 

** Oxygen and carbon concentrations measured in approximately 
110 ingots doped with additional impurities. Two carbon
doped ingots prepared to determine effect of carbon. 

+ See text, Ref. 3. 
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TABLE 2 CHARACTERISTICS OF DOPANT MATERIALS 

Melting 
Element Purity (%) Form Point (°C) 

Aluminum 99.99 wire 660 
Calcium 99.9 block 851 
Carbon 99.999 graphite rod 3550 
Chromium 99.999 pellets 1900 
Cobalt 99.99 polycrystal rod 1555 
Copper 99.9997 zone-refined ingots 1083 
Gadolinium 99.9 chips 1312 
Gold 99.999 slugs. 1063 
Iron 99.999 Rpnnge 1535 
Lead 99.999 pu] yl: fys tal rod 327 
Magnesium 99.99 ingot 651 
Manganese 99.99 flake 1244 
Molybdenum 99.98 pellets 2610 
Nickel 99.98 sponge wire 1455 
Niobium 99.99 polycrystal rod 2468 
Palladium 99.99 polycrystal rod 1555 
Silver 99.999 polycrystal rod 960.8 
Tantalum 99.99 polycrystal rod 2996 
Tin 99.9995 polycrystal rod 232 
Titanium 99.95 crystal 1668 
Tungsten '99. 999 polycrystal rod 3410 
Vanadiutu 99.9 dendrite 2190 
Zirconium 99,99 foil 2127 
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Two crystal-growth furnaces were used dur.ing the program. 

Phase I ingots were prepared in an NRC-2805 ~rystal-growth furnace. To 

provide more material, subsequent ingots were· grown in the HAMCO CG-800 

crystal-growth furnace. The characteristics of both pieces of equipment 

as well as the details of the growth procedure are given in Volume 1 

of reference 3. 

The majority of the ingots studied were single crystals seeded 

to grow in the <111> direction. In selected cases, polycrystalline ingots 

were grown from seeds containing 3 to 4 randomly oriented grains; typical 

polycrystalline ingot grain sizes averaged lmm in diameter. A limited 

number of ribbon crystals produced by the dendri~ic web process were also 

studied.
8 

Number-one Dow Corning semiconductor-grade silicon nuggets or 

one-piece crucible charges were used throughout the eritire program. 

Typical characteristics of this material can be found in reference 3. The 

impurit~es in the polycrystalline' silicon are sufficiently low in con-
. 1-3 

centration that their presence does not affect solar cell performance. 

High purity (99.99% or better) metal dopants were employed 

throughout the program. The form, purity, and melting points of these 

materials are listed in Table 2. Impurities with high melting points and 

low vapor pressures are added to the crucible· charge prior to melt-down. 

Impurities melting at temperatures below silicon, or which exhibit high 

vapor pressure, are added to the molten silicon prior to initiation of 

crystal growth. The amount of impurity added to ·the melt was based on 

the target impuri.ty concentration in the ingot and the bGst available 

value for the effective segregation coefficient. 

3.2.2 Crystal Characterization 

1-3 
Subsequent to growth each ingot was sampled, analyzed 

chemically (Section 3.4), then subjected to a variety of physical, 

electrical~ and device-related tests including: 
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etch pit density 

resistivity 

carbon analysis 

oxygen analysis 

deep-level transient spectroscopy 

detailed I-V analysis 

spectral response 

laser-scanned photoresponse 

recombination lifetime 
J 

solar cell I-V analysis 

Volume 1 of reference 3 describes these procedures in 

considerable detail. 

3.3 Impurity-Induced Microstructural Breakdown 

Two hundred-thirty-eight ingots have been produced and 

characterized as part of this study. Etch pit densities were typically 

less than 10
3 

cm-
2 

on material from which all solar cells were made 

(Reference 3 and Appendix I). About 30 per cent of the ingots had zero 

dislocation densities although no special effort was made to achieve 

this result. 

In heavily doped in~ots, however, constitutional supercooling 

often initiated a microstructural degeneration manifested by inclusion 

entrapment within the ingots and the formation of a roughened, "feathery" 

surface pattern.
1

- 3 The onset of "breakdown" took place at liquid-
2() -3 

impurity concentrations near 2x10 em in the 3-cm diameter ingots 

pulled at 7cm/hr. In larger 7.6-cm ingots or those grown at higher 

speeds, proportionately less impurity was required to cause b·t'eakdown. 

Lower breakdown thresholds were also observed in purposely poly

crystalline ingots than in comparably doped single crystals. Because 

breakdown ultimately limits the yield of useful solar cell material, a 

detailed review of this phenomena is presented here. 

3.3.1 Constitutional Supercooling: Structural Aspects 

3.3.1.1 Single-Crystal Ingots 

Besides the direct electrical impact .on silicon, impurities 

also limit the range of conditions for which single crystals can be 

grown. This is because a planar crystal-liquid interface can degenerate 

i.nto a cellular morphology when the liquid impurity concentration exceeds 

10 



* 5 13 a critical value C~. The phenomenon, termed constitutional supercooling, ' 

produces a microstructure in which a metal-rich second phase is distributed 

as a cell-like network, (e.g, Figure 1,) or as individual particles 

located preferentially near grain boundaries or twins in the silicon, 

(Figure 2). Particle morphologies are round, faceted, or sometimes 

blade-like as illustrated in Figure 3. These inclusions act as 

electrical shunts and render the silicon useless for solar cells.
3 

Using the energy dispersive x-ray analysis (EDAX) capability 

of the scanning electron microscope, we evaluated the chemical compositions 

of three to four inclusions from typical ingots which had undergone 

structural degeneration during growth: Wl66Fe, Wl71W, W226Mn, and 

W228Gd. In each case, the x-ray energy spectrum from a polished ingot 

section revealed that the inclusions contained only silicon and the 

purposely added metal contaminant, (e.g, Figure 4). 

Standardless quantitative EDAX analyses were then performed 

using the computer program MAGICS to make. appropriate absorption, 
9 

fluorescence, and atomic number corrections. Listed in Table 3 are 

the compositions of the inclusion phases obtained by averaging data 

from several particles in each specimen. The compositions are estimated 

reliable to about 2 w/o. Also listed in the table are the compositions 

of the most silicon-rich compounds and eutectics in the pertinent binary 

systems (Mn-Si, W-Si, Fe-Si, and Gd-Si). 

10-12 
In general, we found the phase diagrams are good 

predictors of the inclusion phases formed during structural breakdown. 

One might expect the inclusions formed during constitutional super

cooling to be the most silicon-rich phase in the givenbinarysystem. 

The close match between the measured impurity compositions and the 
9 10 10 

equilibrium compositions of Mn
11

si
19

, WSi
2

, and ~-FeSi 2 , (Table 3) 

bear out this·expectation. Agreement for the Gd-Si system is less clear, 

a fact which may be attributable to the general lack of data pertaining 

hi 
12 

to t s system. 
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Figure 1 Aligned twin structure and second-phase network of WSi
2 

formed in ingot Wl4SW001 after structural breakdown . 
(130~Scanning Electron Micrograph. 

12 
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Figure 2 Inclusions of an Fe-rich ("Fe-Siz") phase formed in 
ingot Wl66Fe007 due to constitut1onal supercooling. 
(130X) Scanning Electron Micrograph. 
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Figure 3 Blade-like Mn
11

si
1

q second-phase particle identified 
by EDAX analy!ils oi ingot: W226Mn-010. 
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Figure 4 Electron beam~xcited energy spectrum from an inclusion 
in ingot W228Gd001. Only Gd and Si were detected. 
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Ingot 

W226Mn 

Wl71W 

Wl66Fe 

W228Gd 

TABLE 3 

ANALYSIS OF INCLUSIONS FORMED DURING STRUCTURAL BREAKDOWN 
OF SILICON INGOTS GROWN FROM CONTAMINATED MELTS 

i 
. + Average Compos t~on 

of Inclusion Phase(H/o) 

45.12 

54.88 

26.42 

73.58 

49.44 

50.56 

37.92 

62.08 

% Si 

%Mn 

% ~i 

% w 

% Si 

~~ Fe 

% Si 

%Gd 

Compo~ition from 
Phase Diagram (%) 

47% Si
9 

53% Mn 

(Mnl1Sil9) 

?'1% SilO 

75% w 

(WSi
2

) 

53-57% Si
10 

/17-113% Fe 

(E;-"FeSi ") 
2 

26.33
11 

73.67 

("rnlsi
2
") 

Eutectic Composition 
(w/o) 

51.5% Si
9 

48.5% Mn 

(Mn
11

si
19 

+ Si) 

95% Si
10 

5% w 
(WSi

2 
+ Si) 

58% SilO 

4?% Fe

("FeSiz"+Si) 

undetermined 

+ Standardless EDAX Method in Scanning Electron Microscope 
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Of the systems we chose for analysis, the W-Si system has a 

eutectic whose composition lies within a few percent of pure silicon, 

(Tabl e 3). Apparently, impurity-rich liquid formed during structural 

breakdown of the W-doped crystal reached the eutectic composition, which 

would account for the eutectic-like intergrowth observed in this 

specimen, (Figure 1). 

3.3.1.2 Polycrystalline Ingots 

During this program, purposely polycrystalline ingots have 

been grown and contaminated with various impurities in order to evaluate 

impurity- grain boundary interactions (see Section 3.0). These ingots 

were nucleated from seeds having several 0.5 to l~sized grains; the 

polycrystalline structure propagated the length of the ingot. For the 

most heavily doped melts, these ingots also underwent impurity-induced 

str uctural degradation: metal rich inclusions formed within the grains, 

(e . g. Figure 5) or eutectic material formed at the grain boundaries 

(Figure 6). After inclusion formation the grain size abruptly diminished 

to a fine network of twins and grain boundaries well below the lmm 

diameters originally present. 

For three impurities we examined in detail-V, Mb, and Cr

the threshold for structural degradation appears to be smaller in the 

polycrystalline ingots than in silicon single crystals grown under 

comparable conditions, ~z.Table 4). The greatest difference in 

* behavior occurs at V,where C~ for the polycrystalline ingot is nearly 

an order of magnitude smaller than for the single crystal grown under 

comparable conditions. 

All our single crystals were grown in the [111] direction so 

the crystal-liquid interace is a (111) facet. Such singular faces 

stabilize a planar solid-liquid interface against constitutionally 

induced breakdown. Thus, one might expect structural breakdown to occur 

* at lower values of C~ in polycrystals which contain a multipllcity of 

growth orientations, as well as grain boundaries which perturb an other

wise smooth solid-liquid interface and are thus favored sites to initiate 

17 



Figure 5 

• 

··' • 

e .. 

' .. 
• • ,. 

.-
(a) 

(b) 

Cr silicide inclusions caused by constitutional supercooling 
during the growth of Ingot W204Cr: (a) Inclusions outcrop on 
the wafer surface, a reflected light photomicrograph; (b) 
Infrared transmission photomicrograph of the same area showing 
the inclusions threading through the same area of the bulk 
wafer. (60X). 
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Figure 6 Optical photomicrograph from a section cut normal to the 
growth direction of Ingot W201Mb007. The eutectic-like 
network is composed of Mb silicide intertwined with the silicon 
host crystal. The second-phase network extends in the growth 
direction and also lies parallel to twin boundaries ({111} 
traces) on the plane of polish. lOOX magnification. 
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TABLE 4 

COMPARISON OF CRITICAL IMPURITY CONCENTRATIONS FOR STRUCTURAL 
BREAKDOWN IN SINGLE AND POLYCRYST.ALLINE INGOTS 

Measured Breakdown Concenttration 
Ingot Impurity c* 1020 cm-3 

Jl,, 

W009 v 2.4 

+ 
W203-Poly v 0.15 

Wl39 Mo 1.3 

+ 
W201-Poly Mo 0.9 

W004 Cr 3.6 

+ 
W216-Poly Cr 1.5 

+ nucleated from a polycrystalline seed 
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breakdown. The rather sizeable.difference in behavior between poly-. and 

single-crystal V-doped ingots is not yet explained. 

3.3.2 Constitutional Supercooling: Model for Onset of Breakdown 

For a crystal freezing at a steady-state velocity R under an 

imposed liquid thermal gradient G
1

, the conditions for stable growth 

f li id h i i i i C that5,13 •• rom a qu w ose mpur ty concentrat on s 
1 

are 

The liquidus slope, m, and the equilibrium distribution 

coefficient, k , are obtained from the respective phase diagram 
0 

(1) 

(m < 0 fork< 1), and n
1 

is the impurity diffusion coefficient in the 
14 

liquid. Hurle reformulated the expression to account for stirring in 

the liquid during Czochralski growth
14

: 

1- k 
0 (2) 

Ro 
where 6 = ]); o is the thickness of the diffusion-dominated boundary layer. 

Equation (2) may be recast in terms of the solid thermal 

gradient G , a quantity more readily calculated, or measured, than is 
s 

the gradient in the liquid, G£: 

-me 1-k 
> __ £ -----=-o--.,.. 

D -6 
1 {k

0 
+ (l-k

0
)e } 

(3) 

where Ks and K
1 

are the solid and liquid thermal conductivities and L is 

the latent heat of fusion per unit volume. When k is small, equation 
0 

3 can be simplified to give the critical impurity concentration for 

breakdown as 

21 



The critical impurity concentration depends strongly on the growth 

parameters but less so on the species of metal impurity. 

(4) 

G
9 

can be calculated from the heat flow through the growing 

crystal. For simplicity, we choose a solution derived for a crystal 

of radius r, and constant conductivity K , which loses heat by radiation 
. 15 s . 

to a 0 K environment , 

(5) 

Substituting this in equation 4 and evaluating the resulting expression 

with
15 

e: 
-3 s 

em , a = 

-1 -1 -1 -1 = 0.46, Ks = 0.216 W/cm K , K~ = 0.6W/cm K , L = 4128.5 J 

5.67xl0-12w.Jcm-2K-
4

, T 1685 K, gives 
m 

B e 
]

-!:. 
(6) 

where A = 92.44 and B 
3 13 = 6.88xl0 with r in em and R in em/sec. 

For dilute solution the liquidus slope depends on the number 

rather than kind of atom in the liquid and can be obtained from the data 

of Thurmond and Kowalchik
16

: m; -464 K (at. fract)-
1

• Liquid diffusion 

coefficient data for silicon are sparse- but D generally ranges around 
-4 2 

the value 10 em /sec which we have adopted for purposes of calculation •. 

Finally, we chose o/D - 130 as characteristic of our experiments. 

For the ~ssumed conditions; the critical impurity ~onr~ntr.ation 

for breakdown varies with growth rate and crystal diameter as shown in 

Figure 7. At low velocities where latent heat evolution is negligible, 
ic . * 

C~ changes inversely with R. At higher velocities, c
1 

falls rapidly 

as the velocity (R ) 
* max 

given R, C~ decreases 

for which Gt goes to zero is approached. 

as ingot radius increases. 
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Figure 7 Predicted variation of critical liquid-impurity concentration 
for crystal breakdown with crystal-growth velocity during 
Czochralski pulling of silicon. Metal concentrations for which 
breakdown actually occurred are indicated by the data points. 
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Using equation (6) and the constants given above, we computed 

* the values of c
1 

for a variety of growth velocities and ingo~ diameters 

pertaining to our experiments. In Figure 8, we compare the computed 

values with the impurity concentrations correspon~ing to the onset of 

structural breakdown exp~rimentally observed for ingots ranging in 

diameter from 2.5 to 8 em and grown at rates between 1 and 15 em/hr. 

The agreement between theory and experiment is quite good. The critical 
20 -3 

breakdown concentrations typically fall in the low to mid 10 em 

(few thousand ppma) range for our studies • 

. d 13 
As we have note , the model can be improved by modifications 

to account better for actual thermal conditions, exact values of liquid 

diffusion coefficients, and effects of grain boundaries. However, even 

without correcting these deficiencies, the model is a very useful tool 

for estimating the effects of impurities on ingot structure (see Sec. 4). 

3.3.3 Liquid Diffusion Constants Calculated from Breakdown Data 

-4 2 
In our calculations., we have assumed a value of D 

1 
= 10 em /sec. 

While this is clearly a good approximation, it· is evident that the value 

of D
1 

will vary somewhat from impurity to impurity •. The data in Figure 

* 8 in fact imply that this is so since the measured values of c
1 

for some 

impurities lie above the unity correlation line, while those for others 

fall below the line. 

* We can use equation (6) and the measured values of C to 
1 

estimate D
1 

in the following way. 

0 

D 

. 1 17 We use the re ation 

to eliminate o from ~ = Ro • Using v = 0.0106 em/sec for kinematic 

(7) 

17 1)_1 
viscosity and w =·O.l67s (typical of our experiments), we obtain 

(8) 
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Curvr. ;>~845-A 

1021 
• Cu (Digges, Raf 18) 
• Pd ( 184) 
• Fe (135, 166, 173) 
• co:U46) 
X V (()()9) • 

• + Ti ( 137,140, 143) • 
o Mo (139) 

~ 
0 w ( 145, 171) 

I ·a Nb (167) 
E <> Zr ( 036) 0 u 

10
20 

0 

11 
ca Gd ( 228) 

~ II Ag ( 222) 
::::1 

"' • ca 
Cl> 

:E • 
·~ (..) 

10
20 

.C.i Calculated, em- 3 

Figure 8 Measured and calcUlated values of the critical impurity * . concentration (Ci) for which ingot structure transforms 
from single to polycrystal. 

25 



Substituting (8) in equation (6) and introducting numerical 

constants from Section 3.3.2 gives 

(9) 

"' We introduced sets of data (C
1

, r, and R) for each impurity 

into equation (9) and solved for D
1 

interactively with a programmable 

hand calculator. The results compiled in Table 5 indicate values of 
-4 2 

D
1 

ranging from 1.51 to 4.2 x 10 em /sec for the impurities. We 

caution that these values cannot be exact owing to impreci~iQn in numerical 

constants, the simple thermal model we used, and the error in predRely 

identifying the initiation of breakdown. However, relative comparieons 

should be quite good. 

3.4 Ingot Impurity Concentrations 

In order to derive a quantitative relationship between the 

solar cell performance (or other electrical properties of silicon) and 

the ingot impurity content, an accurate determination of the metal 

concentration is required for each test ingot. In Table 6 are listed 

specific phenomena that limit the amount of a given impurity species 

which can be incorporated in a silicon ingot. 

Carbon and oxygen concentrations - readily measured by infrared 
16 17 17 

spectroscopy -.. fell in the ranges 2xl0 to 5xl0 , and 5xl0 to 
18 

1.5xl0 , respectively (See Ref. 3 and Appendix II). These values are 

common in Czochralski silicon. 

It is important to recognize that the melt concentration at 

which structural breakdown occurs:coupled with the extremely small' 

effective segregation coefficients for many of the impurities (see 

Table 7), results in ingot concentrations of the metal elements ranging 
12 -3 17 

from less than 10 atoms em to values only as high as lxlO atoms 
-3 

em This corresponds to required analytical detection limits of from 

0.02 parts per billion to 2 parts per million. 
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Ingot 

W228 

WOll 

Wl45 

W139 

W009 

W140 

W143 

W137 

Wl66 

W173 

W135 

W146 

Wl84 

W222 

Ref. 18 

TABLE 5 

DIFFUSION CONSTANTS FOR METALS IN LIQUID 
SILICON CALCULATED FROM INGOT BREAKDOWN DATA 

Impurity c:(l0
20

cm-
3
) D 

-cal 

Gd 1.8 

Zr 1.5 

w 1.2 

Mo 1.3 

v 2~4 

Ti 1.7 

Ti 1.7 

Ti 1.7 

Fe 1.9 

Fe 1.9 

Fe 2.1 

Co 2.1 

Pd 3.0 

Ag 3.0 

Cu 0.7 

27 
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(10 em /sec) 

1.51 

1.80 

1.88 

1.96 

2.04 

2.00 

2.27 

2.37 

2.41 

2.46 

2.55 

2.55 

2.56 

2.60 

4.20 



TABLE 6 LIMITS TO INGOT DOPING 

INGOT IMPURITY CONCENTRATION-LIMITED BY: 

Impurity Small keff Volatility Solid Solubility Breakdown 

* Aluminum 

* Borpn 

Calcium X 

Carbon X 

Chromium X X 

Cobalt X X 

Copper X X 

Gadolinium X 

Gold X 

Iron X 

Lead X 

Magnesium X 

Manganese X 

Molybdenum X X 

Nickel X 

Niobium X 

Oxygen X 

Palladium X 

* Phosphorus 

Silver X 

Sodium X 

Tin X 

Titanium X X 

Tantalum X X 

Tungsten X X 

Vanadium X· X 

Zinc X 

Zirconium X X 

* Concentration limited by electrical activity 
and resistivity desired. 
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Element 

Ag 

A1 

Au 

B 

c 

Ca 

Co 

Cr 

Cu 

Fe 

Gd 

Mg 

Mn 

Mo 

Nb 

Ni 

p 

Pb 

Pd 

Sn 

Ta 

Ti 

v 

w 

Zn 

Zr 

TABLE 7 SEGREGATION COEFFICIENTS 

29 

Segregation Coefficient 

1. 7xl0-5 

3xlo-2 (2.8xlo-3) 

2.5xl0-
5 

8x10-l 

5xl0-2 

? 

2xl0-5 

l.lxl0-5 

S.Oxl0-4 

6.4xl0-6 

<4.0xl0-
7 

3.2xl0-
6 

-5 
1.3x10 

4.5x10-s 

<4.4xl0-7 

1.3xl0-4 

3.5~0-l 

? 

5xl0-5 

3.2xl0-2 

2.1xlo-·8 

2.oxio-6 

4xl0-6 

1.7x10-s 

l.Oxl0-5 

<1.6x10-S 



Spark source mass spectroscopy (SSMS) and neutron activation 

analysis (NAA~ are the only methods generally applicable to these ranges. 
3 

Thus, samples from all ingots were analyzed by spark-source mass 

spectroscopy and selected samples were subjected to neutron activation 

* analysis. A vacuum-cast melt sample for each ingot analyzed by atomic 

absorption or emission spectroscopy completed the analytical data. (An 

evaluation of the accuracy of the analytical methods is given in Vol. 2 

of Ref. 3.) By taking the ratio of the ingot impurity concentration 

CS to the liquid-impurity concentration CJ!., the effective segregation 

coefficient, (keff), was derived for each impurity.
1

-
3 

The most current 

values of the segregation coefficients are listed in Table 7. 

The target, calculated and measured, concentrations of the 

intentionally added impurities are compiled in Sect. 4.7 of Ref. 3 and 

in Appendix III. There the target concentrations are derived by multiplying 

the melt concentration (based on atoms of melt and atoms of impurity 

element added) times the effective segregation coefficient. The 

calculated concentrations represent the product of measured melt con

centration corrected for the amount of melt solidified and the effective 

segregation coefficient. 

In addition to direct analysis of the added metal concentration, 

some effort also was expended to provide assurance that unintentionally 

. added impurit:f.es Were not present. i~ eloped and undoped. ingnt.R. ThP 

sensitivity of the SSMS measurements is inadequate to detect the majority 

of potential contaminants below the concentration of approximately 
. 14 -3 
1. SxlO atoms em , so NAA was used to examine 26 selected samples. 

Typical concentrations of all unintentionally added impurities (Table 3, 

ltef. 3, Vol. 1) are \Jell below concet"ltrations which would have any impact 

on solar cell performance. 

* . Neutron activation analysis was performed at General Activation Analysis, 
San Diego, CA, and Kraftwerk Union A.G., Erlangen, FDR. 
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3.4.1 Data Evaluation 

In general, excellent agreement exists between target and 

calculated ingot impurity concentrations. A calculated value within+ 

60 percent of the targeted value was considered sufficient to assure 

that the melt was _properly doped. In most cases, the agreement was 

considerably better than this. 

Target differences did occur for the impurities calcium, 

magnesium, sodium, zinc, and lead, which are volatilized from the melt 

as noted earlier. A discrepancy in nickel concentration for ingot W-006 

was caused by a loss of dopant nickel powder during furnace evacuation. 

The differences in calculated and target values for ingot Wl32 are 

ascribed to the difficulty in measuring the small amount of tantalum 

present. 

The measured impurity concentrations typically represent an 

average of several measurements; occasionally only a single.· data point 

was available. At least three SSMS measurements were made on each ingot 

·having an impurity concentration above the detection limit of the SSMS. 

The sensitivity of the SSMS is inadequate to detect the majority of 
14 

potential impurities below the concentration of approximately 1.5x10 
3 

atoms/em (3 ppba). Measurement of nickel and cobalt in silicon is 

somewhat more· complicated
3 

and reliance on neutron activation analyses 

(NAA) was made in these cases. 

Three impurities, niobium, zirconium, and gadolinium, have yet 

to be detected by SSMS or NAA, while tantalum, tungsten, cobalt, palladium, 

and gold have been detected in one ingot. Data for the elements are 

indicated as upper limits based on the detection limits of the SSMS or 

NAA methods~ Since zinc, sodium, calcium, and lead volatilize during 

growth, they have not been detected. Aluminum was measured by both SSMS 

and resis~ivity m~asur~w~ul~ ~1m:~ lt is electrically a~t:f..vc at room 

temperature. A higher aluminum concentration is'measured by SSMS than 

electrical measurements~- 3 

31 



Besides the standard seed and analytical specimens, a few tang 

enq slices ~lso were analyzed. Samples taken from a region of good 

crystal structure, i.e., well in advance of apparent structural break

do~, produce excellent agreement with the seed end measurements. Tang 

end concentrations were always greater by from 25 percent to approximately 

45 percent, as would be expected due to impurity segregation. The 

magnitude of difference depended on the location of the sample and the 

mel,t volume consumed. However, the closer the slices lie to the region 

where structural breakdown occurs, the nearer is the impurity concen

tration to that of Lh~ melt. Changes in concentration of 4 to 5 orders 

of magnitude within a few centimeters are common. Thus, great care 

must be taken to properly interpret any data gathered from tang end 

material. 

3.4.2 Best Estimates of Impurity Concentrations 

Table 8 sets forth our best estimates of the impurity concen

tration characteristic of each ingot grown. These values are based on 

the complete analytical data base available for each ingot. Also 

incorporated in this judgement is the degree of reliability in the 

effective segregation coefficients. It is this best estimated value 

which is used in all analyses drawn throughout the rest of the report. 

Bearing in mind the limited data fuL tantalum, cubalt;~ 

gadolinium tungsten, palladium, arid gold, we placed the following degrees 

of uncertainty on the best estimates listed in Table 8: 
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·ELEMENT (~ UNCERTAINTY) 
,--

Ag,:!:: 40. 

Al + 40 

Au+ 60 

B + 15 

c +50 

Ca .± 50, - 100 

Co+ 70 

Cu + 40 

Cr + 35 

Gd + 50, - 100 

Fe + 35 

Mg + 50, - 100-

Mn + 25 

Mo + 30 

Nb + 50, - 100 

Ni + 40 

p + 15 

Pd + 60 

Sn + 60 

Ta + 40. 

Ti + 30 

v + 40 

w + 40 

Zn + 50, - 100 

Zr + 50, - 100 

While the uncertainty in a few cases is larger than desired, we feel it 

is well within the bounds needed to identify the utility of solar grades 

of silicon. Extensive use of NAA would. considerably improve the 

situation for impurities like Ta, Ti, V, Zr, Ni, and W. 
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TABLE 8 BEST ESTIMATE OF IMPURITY CONCENTRATIONS 

Ingot 
Identification 

W-001-00-000 

W-002-00-000 

W-003-00-000 

W-004-Cr-001 

W-005-Mn-001 

W-006-Ni-001 

W-007-Cu-001 

W-008-Ti-001 

W-009-V-001. 

W-010-Ni-002 

W-011-Zr-001 

W-012-Cr-002 

W-013-Mn-002 

w~014-00-ooo 

W-015-Zn-001 

W-016-.Fe-001 

W-017-Cu-002 

W-018-Fe-002 

W-019-Cu-003 

w-.o2o-oo-ooo 

W-021-Mg-001 

W-022-00-000 

W-023-00-000 

W-024-Mg-002 

W-025-00-000 

W-02G-Hu-OOJ 

W-027-Mn/Cu-001 

W-028-Al-001 

W-029-Cr-003 

W-030-Cr/Cu-001 

34 

Best Estimate of 
Impurity Cone. 

(1015 atoms/cm3) 

1.0 

1.3 

1.6 

1.7 

0.20 

0.4 

16 

<0.0007 

0.20 

0.25 

<0.001 

0.9 

19 

1.7 

0.4 

0.003 

0.032 

0.012 

1.3 /1.7 

26 

0.012 

L0/1. 7 



TABLE 8 BEST ESTIMATE OF IMPURITY CONCENTRATIONS (Cont.) 

Best Estimate of 
Ingot 

Identification 

W-031-Cr/Mn-001 

W-032-Mg-003 

W-033-Ti-002 

W-034-00-000 

W-035-V-002 

W-036-Zr-002 

W-037-Zr/Ti-001 

W-038-A1-002 

W-039-Ni-003 

W-040-Cr/Ni-001 

W-041-Ni/Cr/Cu-001 

W-042-Ti-003 

W-043-Fe/Ti-001 

W-044-Fe-003 

W-045-Cr/Fe-Ti-001 

W-046-Fe/V-001 

W-047-Cu/Ni/Zr-001 

W-048-Ti-004 

W-049-V-003 

W~050-Ti/V-001 

W-051-Cu/Ti-001 

W-052-Ni-004 

W-053-Po1y 

hl--0)4-00-000 

W-055-Cu-004 

. 35 

Impurity Cone. 
(101 5 a toms/ em 3) 

.1. 0/1.3 

0.32 

0.002 

0.004 

<0.0014 

<0.0007/0.22 

60 

32.8 

0.8/i2.8 

12.8/0.8 /1.7 

0.04 

0.56/0.033 

0.017 

0. 65/0.43/0.039 

o. 57/0.07 

1.7/4.7/<0.00021 

0.0002 

0.0004. 

0.0002 /0.0004 

1.7/0.20 

33.6 

0.05 



TABLE 8 BEST ESTIMATE OF IMPURITY CONCENTRATIONS (Cont.) 

Ingot 
Identification 

W-056-Cu-005 

W-057-00-000 

W-058-00-000 

W-059-00-000 

W-060-00-000 

W-061-Cr/Ti-001 

W-062-N/Cu-001 

W-063-N/Cr-001 

W-064-N/Mn-001 

W-065-N/Ti-001 

W-066-Ti-005 

W-06 7 -Cr /Mn/Ti·-001 

W-068-Cr-004 

W-069-Fe-004 

W-070-A1-003 

W-071-00-000 

W-072-Cr-005 

W-07 3-Cr /Mn/Ni/Ti./V-001 

W-074-f.r/Mn/Ni/Ti/V-002 

36 

Best Estimate of 

Imfurity Cone. 
(10 5 atoms/cm 3) 

65 

1.0/0.ll 

2.5 

o.s 

1.0 

0.20 

0.033 

0.4 
0.5 
0.0033 

1,0 

1.0 

50 

0.4 

Oft 

0.4 
8.1 
0.0024 
0.004 

0.08 
0.08 
2.0 
0.00033 
0.0006 



TABLE 8 BEST ESTIMATE OF IMPURITY CONCENTRATIONS (Cont.) 

Ingot 
Identification 

W-075-Ti/V-002 

W-076-Poly-2 

W-077-Mo-001 

W-078-00-000 

W-079-00-000 

W-080-Ph-001 

W-081-N/Ni-001 

W-082-N/V-001 

W-083-N/Fe-001 

W-084-N/A1-001 

W-085-N/Zr-001 

W-086-C-001 

W-087-Ca-001 

W*-088-Cr-001 

W*-089-Cu-001 
/ 

W*-090-Mn-001 

W-091-Cr /Mn-002 

W-092-Ph-002 

W-093-Hn-004 

W-094-Mn-005/Poly 

W-095-Mn-006(F) 

W-096-Mn-007(5) 

W-097 -00-000 

·W-098-Mo-002 

W-099-Fz-001 

37 

Best Estimate of 
Imfurity Cone. 

_(10 5 atoms/em~ 

.056 
0.1 

0.00 42 

0.7 

6.9 

0.4 

1.0 

50 

<0.0007 

200-400 

? 

0. 5 

2.0 

0.7 

0.5/0.3 

28 

0.7 

0.9 

1.0 

0.63 

0.00092 



TABLE 8 BEST ESTIMATE OF IMPURITY CONCENTRATIONS (Cont.) 

Ingot 
Identification 

W-100-Cu/Ti-002 

W-101-FZ-002 

W-102-Ti-006/Po1y 

W*-103-Ti-001 

W-104-Cu/Ti-003 

w~-105-v-ool 

W-106-N/A1-002 

W-107-FZ/A1-001 

W-108-N/V-002 

W-109-C-002 

W*-110-Fe-001 

W-111-Cu/V-001 

W-112-Ta-001 

W-113-FZ/Cr-001 

W-114-00-200 

W-115-N/Cu-002 

W*-116-Ph-001 

W-117-00-000 

W-118-Ph-003 

W-119-N/Fe-002 

W-120-N/Cr-002 

W-121-N/Ti-002 

W-122-Ti-007 (F) 

W-123-Ti-008 (S) 

38 

Best Estimate of 

Imfurity Cone. 
(10 5 atoms/cm3) 

1.0/0. 033 

O.ll 

0.167 

2.0/0.14 

0.4 

10 

30 

0.08 

<20-140 

0.8 

2.5/0.3 

0.00083 

0.8 

10 

100 

140 

0.3 

0.3 

0.039 

0.089 

0.105 



TABLE 8 BEST ESTIMATE OF IMPURITY CONCENTRATIONS (Cont.) 

Ingot 
Identification 

W-124-Ho.:..oo3 

W-125-Mo-004 

t..1-126-Mu1 ti-001 

W-127-FZ/Ti-001 

W-128-Ta-002 

W-129-00-000 (7 .6 

W-130-00-000 (7 .6 

W-131-Mn-008 (7 .6 

W-132-Ta-003 

W-133-00-000 

W-134-Ti-009 

W-135-Fe-005 

W-136-Fe-006 

W-137-Ti-010 

W-138-Mo-005 

W-139-Mo-006 

W-140-Ti-001 (7.6 

W-141-Mo/Cu-001 

W*-142-00-000 

W*-143·-Ti 002 

W-144-Mo-001 

W-145-W-001 

W-146-Co-001 

W-:-147-N/Ni-002 

W-148-N/~tn-002 

em) 

em) 

em) 

em) 

39 

Best Estimate of 
Impurity Cone. 

_po 15 atoms/em 3) 

0.000018 

0.0003 

See Data Sheet 

0.039 

0.000168 

NA 

NA 

0.55 

0.000042 

NA 

0.03 

0.78 

0.24 

0.21 

0.001 

0.0042 

0.18 

0. 004 /4 .4 

NA 

0.20 

0. 004 

0.00085 

3.0 

1.6 

0.60 



TABLE 8 BEST ESTIMATE OF IMPURITY CONCENTRATIONS (Cont.) 

Ingot 
Identification 

W-149-N/Fe-003 

W-150-N/V-003 

W**-151-00-000 

W**-152-Ti-001 

W-153-N/Ti-003 

W-154-N/Cr-003 

W-155-N/Mo-001 

W-156-N/Mo-002 

W-157-N/Ti/V-001 

W-158-N/Ti/V/Cr-001 

W-159-N/Cr/Mn/Ti/V-001 

W*-160-Ti-001 

W**-161-Ti-002 

W-162· Ni/Ti·-·001 

W-163-Ni/V-001 

W-164-Ni/Mo-001 

W-165-Co-002 

W-166-Fe-007 

W-167-Nb-001 

W*-168-Ph-002 

W*-169-Ph-004 

W-170-Ph-005 

W-171-W-002 

W-172-Cu-006 (7.6 em) 

W-173-Fe-008 (7.6 em) 

W-174-Ta-004 

W-175-\~-003 

Best Estimate of 
ImpuritY Concentration 

(Xl01 5 atoms/em 3) 

0. 60 

0.03 

NA 

0.21 

0.013 

0.5 

0.001 

0.004 

0.08/0.12 

0.05/0.05/0.55 

0.35/0.36/0.0 2 /0.02 

0.17 

0.03 

4.0/U.1b 

4.0/0.U 

4.0/0.004 

0.6 

1.06 

<0.01 

110+ 

136+ 

150+ 

0.0015 

24 .0 

0.51 

0.00084 

0.00027 



TABLE 8 BEST ESTIMATE OF IMPURITY CONCENTRATIONS (Cont.) 

Ingot 
Identification 

i\1-17 6-00-000 

W-177-N/Cr/Mn-001 

~-178-N/Mn/Ti-001 

\..
1*-179-Ph-006 

W*-180-Ti-001 

W-181-Cr-006 

\..'-182-Cr-007 

W-183-Nb-002 

\..'-184-Pd-001 

W-185-Cu/Ti-004 

\·.
1
_: 186-Co-003 

1-.'-187-Co-004 

W-188-W-004 

W-189-Nb-003 

W-190-Cu/Zr-001 

W-191-Cu/Ta-001 

W-)92-Ag-OOi 

W-193-Sn-001 

\..
1-194-Ti-012 

~-195-Ti/V/Mo-001 

~-196-Ti/V-Mo)Ta-001 

41 

Best Estimate of 
Impurity Concentrations 

(X1015 atoms/cm 3) 

Cu: 
Ti: 

Cu: 
Zr: 

Cu: 
Ta: 

Ti: 
v : 
Ho: 

Ti: 
v : 
Ho: 
Ta: 

NA 

1.20/1.26 

o. 86/0.08 

NA 

0.1 3 

1. 04 

0.45 

<0.002 

6.5 

1. .2 

0.16 

0.054 

0.28 

0.0002 

<0.0003 

2.0 
<0.0012 

2.0 
0.00068 

2.20 

4846 

0.003 

0.003 
0.003 
0.0006 

0.003 
0.003 
0.0006 
0.0003 



TABLE 8 BEST ESTIMATE OF IMPURITY CONCENTRATIONS (Cont.) 

Ingot 
Identification 

W-197-Ti/V/Mo/Ta/Cu-001 

W-198-00-000 

W-199-00-000 

W-200-V-004-Poly 

W-201-Mo-007-Po1y 

W-202-Ti-013-Po1y 

W-203-V-005-Po1y 

W-204-Cr-008-Poly 

W-205-Fe-009-Po1y 

W-206-V-006 

W-207-Mo-008 

W-208-Cr-009 

W-209-Ti-014 

W-210-Ti-015 

W-211-Cu-007 

W-212-Cu-008 

W-213-Pb-001 

W-214-V-007-Po1y 

W-215-Mo-009-Po1y 

W-216-Cr-010-Po1y 

W-217-Ta-005 

W-218-Ta-006 

W-219-V-008 42 

Best Estimate 
of I~gurity Con§· 

(X 10 ATOMS/CM ) 

Ti: 0.003 
v . 0.003 . 
Mo: 0.0006 
Ta: 0.0003 
Cu: 2.0 

NA # 

NA 

0.38 

0.003 

0.018 

0.05 

0.82 

0.61 

0.026 

0.002 

0.19 

0.02 

0.10 

1.8 

12.5 

<0.1 

0.4 

0.002 

1.0 

0.0003 

0.0001 

0.009 



TABLE 8 BEST ESTIMATE OF IMPURITY CONCENTRATIONS (Cont.) 

W-220-W-005 

W-221-Ni-005 

W-222-Ag-002 

lv-223-Ni-006 

W-224-HSC/DCS057 

W-225-Mn-009 

W-226-Mn-010 

W-227-Cr-011-Poly 

W-228-Gd-001 

W-229-Au-001 

W-230-Al-003 

W-231-Mn-011-Poly 

W-232-N/Ti-001 

W-233-Cr-012 

W-234-M0-010 

W-235-N/V-001 

W-236-N/Mo-001 

W-237-Cr-001 

W-238-Mn-001 

0.0007 

8.2 

4.6 

1.1 

++ 

1.5 

*** 

0.4 

<0.4 

0.6 

120 

0.23 

0.01**** 

0.12 

0.0005 

0.006**** 

0.003**** 

0.02**** 

1.0**** 

* 
** 

Asterisk indicates low-resistivity p-type ingot (~1 ohm-em} 

+ 
# 
++ 
*** 

**** 

30 ohm-em o-type ingot ' 
Value based on resistivity measurement 
Not applicable 
No intentional impurity 
Single growth prohibited due to excessive ~mpurity doping 
for permanence studies 
High-resistivity ingot, 30 ohm-em 
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3.5 Model Analysis of Impurity Effects in p and n Solar Cells 

During the course of this study, we have developed a first 

order model to predict solar cell performance as a function of the species 
1 2 

and amounts of impurities present in devices made from contaminated silicon. ' 

The model was later extended to synergic behavior, gettering and resistivity 
. 3 19 20 

effects, and polycrystalline devices' 'sb that it provides useful 

guidelines to those involved with the processing of silicon, the growth 

of crystals, c.·r the fabrication of solar cells. 

A detailed derivation of the model is available in reference 

3
1 

Vol. 2 ~· or reference 19; an abbreviated version highlighting. assumptions, 

basic equations for calculation, and a su~ry of pertine~t exPerimental 

results is given here. 

3.5.1 Model Assumptions 

a. The performance of a solar cell can be modeled as a wide

base device consisting completely of a single-base region 

with uniform electrical properties and for which the 

basewidth exceeds the diffusion length. · 

b. The effect of impurities is exclusively that of reducing 

the carrier diffusion length in the effective base region. 

c. The impurity-induced diffusion lf'!ngth redn~tinn reAuJtA 

either from carrier recombination via deep centers 

associated with the impurities or from carrier mobility loss 

due to ionized impurity scattering. 

d, The number of eleotrioally aotivc oentcrs is a speoicc

and proce~~-iiPIW.nnPnt 1 inP;Ir functi0n 0f tho tot~l 

metallurgical concentration of that impurity. 

These asaumptions imply the effective base diffusion lensth, 

L , is a characterizing parameter for the impurity effects. Since 
n 

experience shows that the diffusion length, or equivalently the lifetime, 
1 2 

is difficult and time consuming to measure accurately, ' we therefore 

chose to model impurity effects as a function of the short-circuit current, 
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a more easily measured quantity and one which is directly related to the 

diffusion length. A list of symbols used in the model analysis appears 

in Table 9. 

3.5.2 Relation of Short-Circuit Current to Diffusion Length 

While numerical integration is necessary to solve the carrier 

transport equations for a real solar spectrum, a closed-form expression 

in which the distributed spectrum is represented by an equivalent 

monochromatic illumination, producing the same current on the cell, 
. 3 19 

proves a good approximation. ' For basewidths that are large 

compared to the diffusion length~ L , and the absorption length, L 
n A 

• q ANA (1-~) • 
=------ (10) 

Defining normalized variables 

I = I (baseline sample) 
sco sc 

T (impurity .sample) ·:sc 
I = n .Isco 

I (L = (I)) qANA (1- ~) 
I 

sc n = = n.., I I 
sco sco 

transforms equation 10 to the convenient form: 

I = I n n.., 
1 

(11) 
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A 

I 

Isc 
p 

I 
p 

v 
p 

n 

Rs,Rsh 

I 
0 

VT 

I A. 

LA. 

RA. 

NA. 

X 

L ,L 
n p 

L L 
no' po 

I . sco 
I 

n 

I noo 
v 

oco 
v 

n 

v 
oc 

N ,N ,N 
X y Z 

T 
X 

T 
0 

a 
X 

vth 

A 
X 

k 
X 

cl 

c2x 

ni 

d,D ,D 
n P 

i 

v 

TABLE 9 

LIST OF SYMBOLS USED IN THE IMPURITY MODEL DERIVATION 

2 
cell area, em 

solar cell terminal current, A 

short-circuit current, A 

cell power, W 

current at peak power point, 

voltage at peak power point, 

ideality factor 

series and shunt resistances, 

diode saturation current, A 

kT/q, the thermal voltage V 

A 

v 

ohms 

photocurrent for illumination with wavelength A., A 

1/aA., the absorption length at wavelength X, em 

reflection coefficient at wavelength A. 
. -1 -2 

number of photons at wavelength A., sec em 

distance from front surface of cell, em 

effective electron diffusion length, p-base, n-base 

diffusion lengths in baseline cells 

short-circuit current for baseline cells (no added impurities). A 

I /I , normalized short-circuit current 
sc sco 

value of I which would result if L were infinite 
n n 

open-circuit voltage for baseline cells (no added impurities),V 

V /v , normalized open-circuit voltage 
oc oco 

open-circuit voltage, volts 
-3 

concentration of impurity species x, y and·z, em 

minority-carrier lifetime 

minority-carrier lifetime due to impurity x 

minority-carrier lifetime in baseline devices 

recombination cross section for impurity x 

thermal velocity 

ratio of electrically active recombination centers to 
metallurgical concentration 

(a v hA )/D 
X t X 

model constant 

model constant specific to impurity x 
-3 

intrinsic carrier concentration, em 
. 2 

minority-carrier diffusivity, em /sec 

I/I • normalized terminal current of the lighted solar cell at voltage V 
. sco 
V/V , normalized terminal voltage at current I 

oco 
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I and L are model constants depending only on device 
nco A 

geometry (primarily cell thickness) and are found by a least squares fit 

to experimental data to be 1.11 arid 19.2 ~m, respect~vely. L = 19.2 ~m 
A 

corresponds to a wavelength of 869 nm~ plausibly near the center of the 

solar spect"rum. 

3.5.3 Impurity Dependent Diffusion·Length 

Following the development in references 3 and 19, we assume 

the diffusion length within the cells depends on the density of 

recombination centers NT' which is proportional to the metallurgical 

(total) impurity concentration in the silicon, i.e., NT= AN • Here, 
X X 

Ax is the electrically active impurity fraction. 

For this case, it can be shown that the diffusion length in 

silicon containing metals x, y -- z, etc. is linked to that in uncontaminated 

baseline material (L ) by the relation 
no 

where 

By using equa~ion 

[In - co 

ln- ... 

1/ 2 
L = 
n· 

(11), we 

' ? 

lj 
= 

+ k N + k N + ---- + k N. 
X X y y Z Z 

transform (12) to 

.1 I , . 
LA ( L ... +kN +kN + --- + k N.) 

no X X y y z z 

If we define constants c
1 

and c2x' we find for· single impurities. a 

convenient form for calculation is 
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N 
ox 

= c
1
/c

2
x is defined as the threshold concentration for 

impu~ity x, above which cell performance is degraded. The values of c
1

, 

c
2 

, and N obtained by a least squares fit to experimental data 
X OX . 

(reference 3 and Appendix IV) for impurity-doped solar cells are compiled 

in Tables 10 and 11. For an impurity concentration equal to N , the 
ox 

short-circuit current is reduced about 4%. 

3.5.4 Open-Circuit Voltage 

21 
Based on the "shifting ai>proximation," the normalized open- · 

. 3 19 
circuit voltage is given by ' 

vn = :v·r ln [I;oc]. 
oco 

(15) 

Eliminating Ln from equation 11, using the·definition of I
0

, and combining 

the result with equation 15 we find: 

I 
0 [ Il - -:?--]· 

n n= 

(16) 

Combining equations 6 and 7 gives the desired relationship between V 
n 

and I • 
n 

v 
n 

nVT 
=--v 

oco 

which may be written in the form: 

3 19 
Aleast squares fit of equation 18 to experimental data ,-yields 

E = 0.0472 and F = 0.8747. 
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TABLE 10 

MODEL COEFFICIENTS FOR SINGLY DOPED, P-BASE SOLAR CELLS 

IMPURITY c . 
1 c2x Nox 

Aluminum 1.2 E-02 2.9 E-18 4.4 E+l5 

Chromium 9.2 E-03 6.7 E-17 1.3 E+l4 

Cobalt 1.2 E-02 1.0 E-17 1.1 E+l5 

Copper 1.2 E-02 3~0 E-20 4.1 E+l7 

Gold 1.21 E-02 1.1 E-15 1.1 E+l3 

Iron 1.2 E-02 4.7 E-17 2.5 E+l4 

Manganese 9.8 E-03 5.3 E-17 1.8 E+l4 

Molybdenum 1.3 E-02 2.0 E-14 6.0 E+ll 

Nickel 1.4 E-02 2.5 E-18 5.0 E+l5 

Niobium 1.2 E-02 7.4 E-15 1.6 E+l2 

Palladium 1.21 E-02 2.37 E-18 5.1 E+l5 

Phosphorous 1.1 E-02 6.8 E-21 1. 7 E+l8 

Silver 1.21 E-02 1.46 E-18 8.3 E+l5 

Tantalum 1.2 E-02 5.1 E-14 2.3 E+ll 

Tin 1. 21 E'-o2 f.37 E-23 1.9 E+20 

Titanium 1.2 E-02 4.5 E-15 2.6 E+l2 

Tungsten 1.1 E-02 9.1 E-15 1.2 E+l2 

Vanadium 1. 3 E-02 5.4 E-15 2.5 E+l2 

Zirconium . 1.0 E-02 2.7 E-14 3.6 E+ll 
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IMPURITY 

Aluminum 

Chromium 

Copper 

Iron 

Manganese 

Titanium 

Vanadium 

TABLE 11 

* MODEL COEFFICIENTS FOR SINGLY DOPED, N-BASE SOLAR CELLS 

cl c2x Nox 

1.0 E-02 1.1 E-18 8.5 E+16 

1.0 E-02 8,7 E-17 1.2 E+14 

1.1 E-02 1. 3 E-19 8 .• 0 E+16 

1.0 E-02 5.7 E-17 1.8 E+14 

1.1 E-02 1.2 E-17 9,5 E+14 

1. 3 E-02 3.6 E-16 3.7 E+13 

1. 3 E-02 3.3 E-16 4.1 E+l3 

Mulyuueuuw 1.1 E-02 8.5 E-15 l.J E+12 

*Data for Ni does not fit a model based on lifetime reduction 

as the dominant impurity effect. 

so 



Direct calculation gives E = 0.0477 and F = 0.8740 where 
15 -3 2 

3.5x10 em , D = 32 em /S, LA = .0019 em, I = 0.0225A, N = 
A 

2 
n sco 

em , V = 0.556V, I and L, are deduced from the experimental 
0C0 noo A 

A= 1 

data, and the remaining values are measured. Note that the voltage 

behavior, unlike short-circuit current, is dependent on the base doping. 

3.5.5 Efficiency Behavior 

The final step -- to relate efficiency and short-circuit 
21 

current -- is again facilitated by using the "shifting approxir.ta.tion" 

to provide the illuminated voltage-current equation 

I = I - I 
sc 0 

v 
exp ·(-). 

nVT 
(19) 

Substituting for I fro~ equation 16 and normalizing the voltages and 
0 

currents gives: 

i = I 
n· 

2 
qAniD I n noo 

N L I 
A A .sco 

[ . J [v V J 1 1 . oco 

In - In'" exp nVT • 
(20) 

Using the data given in·Section 3.5.4, the coefficient of the second 
-9 

term is 9.58 x 10 • Applying the boundary constraint, that if I = 
n 

1 and i = 0 then v = 1, leads to a value for n = 1.0151 which agrees 

with the value obtained in the V analysis. 
oc 

The normalized peak power is obtained from the cell when 

v and i satisfy the relation: 

~ _ d (iv) = 
dv - dv i + v di = 0 

dv • 

This combined with equation 11 becomes: 

(21) 

I 
n NAL,I 

A SCO 

[ / - / ] exp v V oco l [1 + ':.__n~PT.EE-.1 = 0. (22) 
· n n"" nVT 

.Jl 



Numerically solving equation 22 for the peak power voltage, v ,and 
p 

equation 20 for i and I as a parameter provides the normalized efficiency 
P n 

where the zero subscripts denote baseline v~lues. 

i v 
p p 

i v 
po po 

(23) 

The resulting curve of n/n0 as a function of I is in good 
3 19 n 

agreement with experimental data. '· As equation 22 has no closed-form 

solution, an empirical approximation was obtained. 

= 0.872 r
1

·
128 + 0.128·I

12 
n n 

(24) 

Referring to the short-circuit current equation 14 • we 

observed that when an impurity reaches the threshold concentration (N ), 
ox 

the current (I ) is reduced to 96 percent of its baseline value. 
n 

Correspondingly, efficiency is reduced to 91.2 percent of its baseline 

value. 

3.S.6 Single Impurity Hehavior 

The efficiency as a function of metal concentrations can now 

be calculated using equations 13 or 14, with the coefficients ~iven in 

Table 10 or 11 to obtain I , and equation 24 then provides the efficiency. 
n 

Nearly 240 impurity-containing ingots were processed into solar cells as 

desci.'lbt:!d in reference 3. The data base, analyzed by the method described 

above, was used to compute the least squares coefficients listed in Table 

10 and 11 and then to derive the curves depicted in Figures 9 and 10 for 

4-cm p-hase and 1.5 ohm-em n-base devices, respectively. It is nntRble 

that n-base devices arP. P,Pnerally l~ss affected hy ~Pv~;>:r~l impurities 

than are the corresponding p-hase devices.
3 
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Experimental data have been omitted for clarity from Figures 

9 and 10, but the agreement with the model curves is quite good.l-
3

, 19 

Notable exceptions are iron, copper, and nickel and to a lesser extent 

Co and Ag, which at their highest concentrations induce excessive junction 

shunting and space-charge region recombination.
22 

These mechanisms were 

excluded from the model analysis because of their unpredictable behavior. 

An example of junction degradation by copper is shown in Figure 11. The 

dark IV data are shown as the two exponential components governing the 

diffusion current (upper right) and the junction space-charge current 

(bottom left).
22

,
23

,
24 

The effects of series and shunt resistance have 

been removed.
25

,
26 

It is apparent that the upper segment shifts little 

with increasing copper concentration reflecting negligible change in 

the base lifetime. 

The shift of the lower segments, hawever, implies a considerable 

current increase which accounts for nearly all of the cell degradation. 

This excess junction current, a typical feature of I-V curves for Cu, Fe, 
3 

Ni, and Co , is thought to be mainly due· to a combination of nonlinear 

shunting and field emission associated with precipitates rather than 
2 22 

simple recombination in the space charge layer. ' 

In contrast, the dissected dark IV data for titanium and other 

lifetime-killing impurities display a shift of the upper curves to the left 

with increasing metal concentration, a feature associated with reduced 
22 

. bulk lifetime, viz. Figure 12. The depletion region component of the 

dark current, denoted by the lower segments, shows some increase with 

the higher Ti concentrRti.ons but remains negligible with respect to 

device performance. This is also characteristic of other impurities like 

W, Ta, Mo, Nb, Pd, Au, Cr, and Zr, which degrade cell efficiency by 

destroying bulk lifetime. 

3.5.7 Multiple Impurity Results 

Once the model constants for single impurities have been 

determined, the linearity of equation 13 permits us to calculate the 

expected performance of samples containing multiple impurities at various 
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coneentration levels. The calculation includes the assumption that the 

impurities act independently; thus, a comparison of calculated and 

experimental values permits assessment of any interactive effects. This 

comparison is shown in Figure 13 for a sampling of the multiply-doped 

devices we previously studied3;the ingots are identified in Table 12. 

While these data suggest some anti-synergic behavior as 

evidenced by the calculated efficiency.being larger than the measured 

value (the points lie below the unity slope correlation line), 

supplementary data obtained by the dark I-V analysis and deep-level transient 

spectroscopy (DLTS) have shown negligible impurity interactivity except 
3 19 

for copper with titanium, vanadium, and :r.:lrr.nnh,m. ' The general 

downward displacement of the data is attributed either to junction 

degradation (precipitation) effects at higher total impurity concentrations 

which are not included in the calculations, or to inaccurate impurity 

concentration data. In the case of Ti, V, and Zr, the addition of copper 

results in a small improvement in cell performance. DLTS measurements 

(Appendix V) have in fact shown that the number of recombination centers 

due to these impurities is reduced by copper.
3 

It is believed that the 

mobile copper atonis diffuse to the locations of the second metal species, 

where co-precipitation then electrically deactivates some of the Ti, V, 

or Zr (see also Sections 3.6 and 3. 7) and are thus well d.escribed by the 

impurity-performance model. 

3.5.8 MOdeling Poly~rystalline Behavior and Resistivity Effects 

We have examined the effects of a number of impurities in 

samples with resistivities ranging from 0.2 to 30 ohm-em and in poly

crystalline material produced by Czochralski growth.
19 

A convenient way of presenting these results is by determining 

the impurity concentration threshold N
0

x and comparing thP. Pxpe~imental 

value to that deduced from the 4 ohm-em single-crystal data. Using sub

scripts a and B to designate 4 ohm-em p-base and·the comparison sample 

data, respectively, we obtain from equations 11 and 14 the experimental 

threshold N a• All currents are normalized with respect to the a baseline 
OXp 

values 
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TABLE 12 

IMPURITY CONCENTRATIONS FOR MULTIPLY-DOPED INGOT~ .IN FIGURE 13 

(1015 A~OMS CM-
3
) 

Ingot No Ti Cu v Cr Fe Zt Ni Mn 

027 1.7 1.3 
030 1.7 1.0 
031 1.0 1.3 
037 0.22 <0.0007 
041 1.7 0.8 2.1 
043 0.033 0.56 
045 0.039 0.65 0.43 
046 O.C'7 0.57 
047 1.7 <O .• oou21 1.0 
050 0.0002 0.0004 
0'51 0~20 1.7 
061 0.011 1.0 

0\ 067 0.0033 0.4 0.5 
0 

073 0.0024 0.004 0.4 2.0 0.4 
074 0.00033 0.0006 0~08 0.5 0.08 
091 0.5 0.3 
1{)0 0.033 1.0 
111 2.5 .3 
126 Al, 1.0; B 3.5; Cr .02; Cu .80; Fe .02, Mn .02; Mo .00015; Ni .BO; P .9; Ti .0004; V.0004; 

Zr .0004 
75 .056 .1 

104 .14 2.0 
162 .2 1.21 
1B5· .15 1.2 



(25) 

Ina is the normalized short-circuit current in the cell 

containing impurity x at a concentration of N 
6

• I a is the current 
x..., no..., 

measured in a samples containing no added impurities .• 

' If we assume the impurities behave identically in 4 ohm-em 

p-hase samples and in the a samples, we can deduce a value for Noxa· 

After some manipulation of the equations, we obtain for the expected 

value of the degradation threshold 

N 
oxa 

2 

Dna [(I /I a> - 1] ..., n"" no..., 
= --~--~----~------ D C 

na 2x 
(26) 

Data expressed in this manner are shown in Figure 10 of 

reference 19. These data show that for most cases considered, the 

impurity degradation effects can be projected from the behavior in the 

4 ohm-em p-hase devices. 

For example, titanium in polycrystalline cells (ingot 102) . 

acts almost identically as in single-crystal devices, a result which 
. 3 

has been corroborated by DLTS measurements (see section 3.8). The 

high- and low-resistivity data agree with the projection with low

resistivity devices being slightly less affected by impurities than are 
. 3 19 

high-resistivity devices. ' 

3.6 Impurity Behavior in High-Efficiency Devices 

The impurity performance model and corroborating experimental 

evidence provide a clear.picture of the way in.which contaminants in 

silicon impair the efficiency of conventional solar cells. However, as 
27 

recent studies show, solar cell efficiency has a major impact on 

overall PV system costs, so that improvements in processes and materials 
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to raise cell efficiency will be increasingly important considerations. 

For these reasons, we have examined the potential impact of silicon 

purity on high-efficiency solar cells. 

3.6.1 Considerations for Efficiency Improvement 

Our investigations of solar cell impurity effects have relied 

on a conventional device of rather conservative design. The fabrication 

technology was minimally complex
3 

and optimized for reliability and 

repeatability rather than for cell efficiency. In the following 

discussion, we refer to these as ".standard-efficiency" (SE) cells as 

distinguished from "high-efficiency" (HE) cells. SE baseline cells, 

i.e., containing no added impurities, have an AMl efficiency of ~14.5% 

with AR coatings. In the analytic model devised to relate the performance 

of the SE cells to their content of added impurities, the parameter 

obtained to characterize the impact of each impurity is its degradation 

threshold (N ), above which cell performance is significantly degraded 
ox 

(Section 3.5). 

The relations between normalized short-circuit current, cell 

efficiency, and N are given by equations 14 and 24. From the model 
ox 

derivation, it follows that the degradation threshold also can be 

expressed as 

2 . 
N = D b/(L V ha A ) ox n no t x x 

(27) 

where the symbols are given in Table 9. Of these parameters, a , the 
X 

capture-cross section, and A , the electrically active impurity fraction, 
X . 

are direct properties of the specific impurities. L and possibly 
· no 

Dnb are indirectly affected by the type and amount of impurity. 

Experimentally, the ohmic-back "standard-efficiency" (SE) 

cells used throughout the impurity effects study exhibit values of L 

from ~140 to ~180 ~m and typically have a basewidth of ~275 ~m. 

no 

Diffusion length data are obtained from measurements of the open-circuit 

voltage decay, short-circuit current, and from modelling·analysis with 

results in good agreement. Diffusion lengths have also been determined 
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from spectral quantum efficiency measurements. The results are in 

qualitative agreement with the other methods but yield lower absolute 

values by a factor of 2 to 4. This discrepancy is probably a consequence 

of the extremely low injection levels used in measuring spectral response, 

since it is well known that minority-carrier lifetimes increase 

significantly at higher injection levels. Figure 14 illustrates typical 

measured spectral response curves for cells of three different designs, 

and Figure 15 shows the corresponding quantum efficiency curves. 

Diffusion lengths obtained from these data are: Device Ill, L = 204 um; 
no 

Device #2, L = 100 ~w; &id Device #3, L ~ 315 um. The other 
no no 

methods of measurement gave: Device fll, 400 um; Devic~ 112, 175 \Jm'~ .1nd 

Device #3, 450 um. 

High-efficiency cell performance requires that the cell or 

its basewidth exceed the absorption length of the lowest energy ijhotons 

within.the absorption band of silicon. It is further necessary, in 

order to collect the generated carriers, that the diffusion length be 

substantially greater than the width of the device. These requirements 

can be satisfied only by proper design of the cell-doping profiles and 

contact g~uwelry, the use of high-quality oilicon, and careful 

processing to minimize introducing defects or contamination. Minimizing 

minority-carrier recombination at the surfaces and in the bulk is also 

necessary. 

Surface recombination can be reduced by the use of back-surface 

fields and by passivation of the physical surfaces, e.g., with oxides. 

Bulk recombination, although somewhat process dependent, is primarily 

determined by the quality of the silicun cryslal; that is, its impurity 

content and its defect structure. The defect structure is coull'olled 

by the crystal g:rowth, technique and can be reduced to levels of minor 

iruportance :f .. n r.:l"y!"t.l:lla prepared by CZ, FZ, d~nQ.ritic web, and some 

other methods. However, some casting and ribbon-growth methods result 

in significant twinning and randomly oriented grain boundaries as well 

as other defects in the silicon. rhese defects, with the exception of 

coherent twin .boundaries, have been shown to have large recombination 
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activity even when impurities are not present. Thus, for a polycrystalline 

material to be a likely candidate for high-efficiency cells, it must 

have very large grain structure or consist primarily of grains bounded 

by coherent twins. 

3.6.2 Modelling Impurity Impact on High-Efficiency Cells 

Having identified a large effective diffusion length as a 

primary requirement for high efficiency, we can now examine the sensitivity 

of HE devices to impurities using the equations of the impurity model. 

If we assume that the constants c
1 

and I (equationl4) are independent 
nco . 

of cell design, then the model can predict the HE behavior from the 

data obtained with the S~.devices by knowing the value of !nco required 

for a particular HE device. The design independence assumption is 

clearly questionable but, as we show later, it is approximately true in 

the range of impurity concentrations of interest. 

Using equation 27 , we obtain an expression for the degradation 

threshold of an HE cell in.terms of the value obtained for SE cells. 

2 
N (HE) = N (SE) [L (SE)/L (HE)] (D b(HE)/D b(SE)) (28) 
ox ox no no n n 

Let us consider, for example, the effect of adding molybdenum to a 

wide-base HE cell, cell #3 in Figures 14 and 15 above. The degradation 

threshold for Mo in SE cells is 6x!0
11

/cm
3 

and L (SE) = 175 ~m; the 
. no 

diffusion length in the wide-base HE cell, L (HE) = 450 ~m. These data 
no 

in equation 28imply that the degradation threshold for Mo will be 
. 10 3 

reduced to 9xl0 /em for the wide-base HE devices. The model curves 

for SE cells containing Mo are shown in 
11 8. 6x10 • Figure 1 shows the efficiency 

Figure 17, where N (moly) = 
ox 

curve for the HE device, where 

N (moly) = 9xlo
10

• By comparing the two figures, it can be seen that 
ox 

the curve has moved to the left for the HE device, indicating its 

approximately seven-fold higher sensitivity to·the Mo concentration. A 

qualitatively similar behavior would be seen for other lifetime-destroying 

impurities. 
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In order to test the validity of predictions of the analytic 

impurity model, we have developed a considerably more detailed, finite 

element model with which we can calculate cell performance for various 

spectra and operating conditions. The model is derived from Poisson's 

equation and the continuity equations for one dimension. In the 

derivation, we assume low-level injection, space-charge.quasi-neutrality, 

and a steady-state analysis. For minority electrons in p-type material, 

Poisson's equation becomes 

and the continuity equation 

a aJ 
.2!. = o = G -u + __ n_. 
::lt n n qax 

See Table 9 for symbol definitions. 

The generation term is given by: 

and the r~combination by the Shockley, Read, Hall expression 

u 
n 

n-n 
=--0 

•n 

(29) 

(30) 

(31) 

(32) 

For a sufficiently narrow region within the device, the 

coefficients of the coupled equations 29 and 30 will.be constant, and a 

general analytic solution for the carrier concentration is obtained. 
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n(x) = k
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e + k
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1 
where A 

€ 
(1 + €2)2 =--

2 

1 
B =.£+ (1 + €2)2 

2 

1 
c = -L (1 + €2)2 

X 
X 

= 
L 

n 

E 
ET 

VT 
e: =- =-

ET L 
n 

L 
LA 

ST 
D 

=- =-
L L 

n n 

K3 = N).·K3 

The minority-carrier current is given by: 

(34) 

The carrier concentration and. the current. must be continuous at the 

boundaries of each model element but are not known a priori. However, 

n and j are known at the surface of an element which is an exterior 

surface, e.~' a contact or at a surface bounding a junction space

charge region. 

For a contact surface at Xs characterized by a surface 

recombination velocity, S we have 
0 

At the edge of a space-charge region at Xj 

.. ~ 

- n e kT 
po 
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where V is the voltage across the junction and 

where Sj is a collection velocity, always of the order of 
7 . 

10 em/sec. 

These conditions are sufficient to determine the constants in equations 

33 and 34 for an outer element. With this information, the boundary 

conditions are set at its inner surface and the next element can be 

solved. The successive transformations of n(H) and jn(x) across the 

elemental regions. depend only on the material properties of thE> ~1ement 

(including those related to impurity type and concentration) and completely 

describe the performance of the device. 

Using this more precise model, we have predicted the effect 

of molybdenum on the performance of SE cells and two types of HE cells. 

The results of these.calculations are shown in Figure 16, 17, and 18, 

where they are compared with similar computations employing the simpler 

analytic model. The agreement with ·the impurity model predictions and 

with expe~imental data is also quite good in all three cases, at least 

for moderate Mo concentrations. At the highest concentrations, the 

impurity model predicts too great a performance loss, particularly for 

the narrow-base back-surface field device, the design details of which 

deviate most from the assumptions used in the impurity model derivation. 

The agreement between the two model calculations (e.g., Figures 

16-18) indic~tes that for most practical purposes the simple analytic 

expressions, equations 14 and ?.8, are suitable for determining the 

impurity behavior of high-efficiency solar cells. The necessary data 

are the values of N for S~ cells from the published data bnsc and a 
ox 

value for the effective diffusion length in an uncontamluated 111!: cell 

of the required design. 
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3.6.3 Performance of Narrow-Base, Impurity-Doped Cells 

Our calculations indicate that HE cells will be more sensitive 

to impurity degradation than are SE cells. That is, the degradation 

threshold (N
0

X) for a given impurity will be smaller for HE· cells :than 

for SE cells. We expect this increased sensitivity to be observed for 

wide-base cells and for mediu~base cells using back-surface fields and 

passivated surfaces. One way to reduce this sensitivity in HE cells is 

by making devices with narrow basewidths, although doing so may lower 

the short-circuit current and efficiency because of reduced spectral 

absorption. The performance tradeoff is small for basewidths down 

to approximately 100 l!m and so such devices formed a basis for our 

experiments. The characteristics of our typical SE cell and the HE 

cells studied are given in Tables 13 and 14, respectively. 

Data for two types of narrow-base c~lls are given in Tables 

15 and 16. · These devices have a basewidth of 100 l!m and are expected 

to have reduced sensitivity to the i~urity, i.e., a larger value of 

Nox· .The impurity.in these samples is vanadium, which has a degradation 

threshold in SE cells of N = 2.5xlo
12 

cm-
3

• ox ' 

To analyze these vanadi~doped cells, equation 28 can be 

written 

(35) 

The other parameters of equation 28 vanish because the base material 

is the same for both u~vlces and we are considering the same impurity in 

both cases. 

For ohmic back devices L (SE) = 175 l!m, L (HE) ~ 140 l!m, and 
12 3 no no 

~ 2.5 x 10 /em , so we find: 

NOX(V)(HE) = 3.91 X 10
12 -3 

em 
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TABLE 13 

PROPERTIES OF STANDARD-PROCESS CELLS 

STANDARD-EFFICIENCY CELLS (SE) 

P-Base: 3-5 ohm-em (NA 3.5.x 1o
15

tcm
3

) 

Basewidth: ~ 275 ~m 
.. 2 

Cell Area: 1.032 em 

Front Junction: Phosphorus Diffused, X. ~ .3 um 
J 

Contact Grid: ~ 5.3% coverage, Ti-Pd-Ag. 

No AR coating 

No BSF 

Ohmic Back: Ti-Pd-Ag 

2 
TYPICAL PERFORMANCE (~AMl, 91.6mW/cm ) (No AR coating) 

JSC = 21.8mA, VOC = .556 Vu1Ls, FF • .78, EFF- 9.5% 

Effective Base Diffusion Length • 175 ~m 

Effective Base Lifetime ~ 9 ~s 
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TABLE 14 

HIGH-EFFICIENCY CELL TYPES UNDER INVESTIGATrON 

Wide Base 1 WB ~ 750 )..lm No AR Ohmic Back 

* 2 With AR 

* Medium 1 . WB :!: 275 )..lm With AR Ohmic Back 
Base 

2 Gridded Back - No passivation of 
back surface 

3 Gridded Back - with passivation 

Narrow 1 WB ~ 150 )..lm No AR Ohmic Back 
Base 

2 Gridded Back - No passivation of 
back surface 

3 II - with passivation 

* 4 With AR II II 

15 3 
Base material is P-type 3-5 oh~cm (NA ~ 3.5 x 10 /em ) 

Front junction is phosphorus diffused with Xj = .25 to .35 )..lm 

* AR coating process includes passivation of 
exposed front surface 
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A second method of calculating the threshold utilitizes the 

effective ditfusion lengths in the impurity-containing HE cells. We 

can relate the diffusion length to the lifetime: 

L
2 = D -r 
n n n 

and using Shockley-Reed recombination theory 

• n 

where NT = the density of recombination centers. 

We have shown in Section 3.5 for a given impurity x that NT = 
that: 

D 
L2 = -~n~,.......,.

n a V N A 
X th X X 

Now substituting equation 36 in equation 27, we obtain: 

2 

· Nox = [~: 0 ) Nx 

(36) 

(37) 

A N. so 
X X 

(38) 

(39) 

Using the diffusion length and impudty concentration data in Table 15, 

we get for tngot W206V006: 

12 3 
N

0
x = 5.40 x 10 /em 

and for W219V008: 

12 3 
Nox = 4.68 x 10 /em 

The degradation threshold may be calculated a third way from 

the measured short-circuit current of cells containing a known impurity 

concentration. The relationship between these quantities is given by the 
14 

impurity model equation with the constants given in section.3.5.2. 
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All measured currents are normalized by the measured short-circuit 

current of baseline cells. 

Solving equation 14 for N
0

X gives: 

Using equation 40 and the data in Table 15, for cells from Ingot 

W206V006 we obtain: 

12 
NOX(V) = 4.5 x 10 

and from Ingot W219V008: 

12 
N0x<v> = 3.5 x 10 

(40) 

The predicted and experimental values of the threshold are in 

fairly good agreement and confirm, as expected, that these·thin base 

cells are less sensitive to impurity contamination. 

Following the experiment of Table 15 ,· the metal backs of these 

cells were photo-masked and etched so as to leave a back-contact grid-

that is, leaving only about 5% of the cell back covered with metal and 

the remainder of the back surface being bare silicon. This has the 

effect of significantly reducing the effective surface-recombination 

velocity of the back. The metal-covered surface has an S ~ 10
6 

cm/s, 
. 3 0 

while the bare silicon has S :!: 5 x 10 cm/s. Based on model calculations, 
0 . . 

a reduction in S 
0 

should improve the effectiveness of the BSF and result 

in increased efficiency. This is borne out by the experimental data shown 
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TABLE 15 

100 1-1m CELLS WITH BSF AND. OHMIC BACKS) AVERM:ED DATA 

Jsc voc FF EFF L I N Nox n n X 

Wl98 Baseline 21.00 .546 .755 9.46 140 1 0 3.91 X 10
12 

(1) 

W206V006 ·19 .10 .528 .751) 8.05 64 .909 2. 5 >: 10 
13 

5.4 X 10
12 

(2) 

...... 4.50 X 10
12 

(3) 
00 

W219V008 20.48 .556 .75J 9.03 101 .975 9 X 10
12 

4,68 X 10
12 (2) 

3.51 X 10
12 

(3) 

Notes (1) predicted from baseline data using equ~tion ~ 

(2) calculated from diffusion length data using equation 8 

(3) calculate:d from short-circuit current data U31.ng equation 10 



in Table 16. The baseline cell efficiencies increased approximately 

one percentage point, while the efficiencies of the vanadium-containing 

c~lls increased somewhat less. 

Diffusion length data are not available for these cells, but 

values of NOX are calculated from the short-circuit current data using 

equation 40~ The results are shown in Table 16,"with the values 

straddling the value obtained for SE cells. We know from the increased 

short circuit that these devices have longer effective diffusion lengths 

than those of Table 15; consequently, it should be expected that a 

smaller threshold concentration be observed. It should be noted that 

attrition due to breakage of the very fragile 100-~m thin cells left us 

a statistically small number of samples and thus larger uncertainty than 

in the previous experiment. Diffusion length data for these samples 

will be available soon and will help clarify the results. 

The data from these experiments are in fairly good agreement 

with the analytic models and further confirm:the usefulness of the 

impurity model equations to estimate the impact of impurities on HE 

cell performance. 

3.7 Impurities in Polycrystallirte Silicon 

One way to reduce the cost of solar cells is to fabricate them 

on polycrystalline sheets made from cheaper, less pure "solar." grades of 

silicon. Relatively little is known about the interaction between 

grain boundaries and impurities and to what extent such coupled 

behavior degrades solar cell performance. Therefore, part of our study 

was divided to an investigation of impurity behavior in polycrystalline 

silicon. 

Polycrystalline ingots, grown as described in Section 3.2, 

were doped with controlled additions of Mb, Ti, V, Cr, Fe, and Mn, 

respectively. A typical grain size of about 1 mm was achieved in these 

specimens. Impurity interaction with microstructural defects was 

investigated by DLTS measurements, dark and lighted I-V measurements on 

s.olar cells, spectraL response determinations, and by optical photomicrography, 
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Wl98 Baseline 

W206V006 

W219V008 

<XI 
0 

TABLE 16 

100 llm CF.LLS lot""ITH BSF AND GRIDDED BACK (See Text) , AVERAGED DATA 

FF 

2::..80 .572 • 1.12 

19.4 .540 .747 

20.02 .560 .773 

Note (2) Ca1cu1at.ed 

10.51 

8.54 

9.42 

L 
n 

I 
n 

1 

.88.· 

.918 

2.6 

9 

N 
X 

() 

X 10
13 

X 10
12 

from I and N using equation 10 
n x . 

3.9 X 10
12 

(2) 

2 X 10
12 

(2) 



as described in Vol. 1 of reference 3. Data were also analyzed by 

comparison to impurity behavior in single crystal doped with the same 

impurities. 

3.7.1 Experimental Observations 

The macroscopic impacts of impurities and grain boundaries 

on solar cell performance can be visualized with the aid of the solar 

cell data, Table 17, and the spectral response curves depicted in 

Figures 19 to 24. The 10% uncoated efficiency of the uncontaminated 

single-crystal cells (equivalent to about 14% AMl. with common anti-reflective 

coatings) is reduced to 6.9% by the introduction of microstructured 

defects or grain boundaries into the crystals. Besides cell efficiency, 

short-circuit current (I
8
C), open-circuit voltage (V

0
C)' fill factor 

(FF), and carrier lifetime (TOCD) are each depressed. 

The addition of Mo, Ti, V, and Cr tO single crystals causes a 

loss of cell performance primarily due to a reduction in minority-carrier 

lifetime. The addition of these same iropurities to polycrystalline 

ingots produces somewhat smaller efficiencies compared to their counter

part single-crystal cells. The difference between the performance of 

the contaminated single~crystal and polycrystalline cells is a direct 

function of single-crystal cell efficiency. That is, the smaller the · 

adverse effect of an impurity on the single-crystal cell efficiency, the 

more evident are the effects of grain boundaries. 

For example, in the cas.e of Ti-contaminated single-crystal 

:f.ngots, the cell efficiencies are typically 4 to 6%, ami the differenee 

between single and polycrystalline cell performance is small. On the 

other hand, Mo- and Cr-contaminated single-crystal cell efficiencies are 

around 8%, but then counterpart polycrystalline cells. are about 2% 

(absolute) less efficient. 

These observations. can be explained by the fact that grain 

boundaries by themselves degrade the carrier lifetime in the bulk silicon, 

viz.· Figure 25 and Table 17. However, if the impurity is present in 

sufficient quantity to dominate the bulk lifetime (T), ~hen the grain boun~nry 
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Table 17 

LIGHTED I-V DATA FROM SOLAR CELLS USED TO COMPARE IMPURITY 
BEHAVIOR IN SINGLE-CRYSTAL AND POLYCRYSTALLINE SILICON 

Ingot ID 
Impurity Isc Voc FF 

n ToeD 
cone. (cm-3) (tnA) (volts) (%) J,Jsecs 

0.02-Baseline -- 22.4 0.55 0.76 10 4.5 

0. 76-Poly Baseline -- 19.2 0.51 0.66 6.9 1.1 

209--Ti 2,0 X 1013 16.0 0.50 0.67 5.8 p.J 

210-Ti 1.0 X 1014 14.0 0.47 0.67 4.7 0.8 

137-Ti 2.0 X 1014 12.6 0.46 0.68 4.2 0.8 

202-Ti-Po1y 1.8 X 1013 15.4 0.49 0 •. 69 5.4 0.5 

102-Ti-Poly 1.1 X 10 14 13.6 0.45 0.61 4.0 0.6 

207-Mo 2.0 X 1012 20.'2 0.52 o. 72 8.0 0.7 

139-Mo 4.2 X 1012 18.4 0.51 0.68 6.8 0.6 

215-Mo-Po1y 2.0 X 10 1 ~ 17.0 0.49 0.69 6.1 0.5 

004-Cr 1.0 X 101S 18.6 0.53 0.76 7.8 1.0 

* 4.5 X 1014 227-Cr-Poly 16.0 0.4/ U.66 5.3 0.4 

206-V 2.6 X 1013 18.6. 0.,51 0. 71 7.1 0.5 

203-V 5.0 X 1013 17.3 0.50 o. 71 6.4 0.5 

* Mass spec analysis showed impurity conc.eritration of 2.2 x 101 5 • 
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effect is secondary because 

1 1 - = ---------
T T 

impurity 

1 
+ ---------------

T 
microstruct~e 

It is important to recognize that small additional variations can 

result if sufficient numbers of electrically active grain boundaries 

are present in the depletion region of the solar cell. There they can 

also degrade the cell performance by increasing the junction recombination 

current, as is clearly evident in Figure 25. 

The spectral response from a large number of single~crystal 

and polycrystalline cells was measured
3 

to gain better insight into the 

effects of impurities and grain boundaries on cell performance. Figure 
15 -3 12· -3 14 -3 

19 illustrates the effects of 10 em Cr, 4xl0 em Mo, and 2x10 em 

Ti on the spectral response of single-crystal solar cells. (These 

concentrations typify the upper limits which can be incorporated during 

Czochralski growth of single-crystal silicon.) It is quite clear that 

the presence of impurities degrades the red response of all the solar 

cells •. Since poor red response correlates well with low bulk lifetime, 

the sp~ctral response data are consistent with.our cell measurements 

and the OCD lifetime measurements. The addition of increasing amounts 

of impurity gradually impairs the red response or the carrier lifetime 

(Figure 20). 

Figures 21 and 22 illustrate the spectral response of single

crystal and polycrystalline solar cells, with and without Ti. The 

presence of grain boundaries alone degrades the spectral response which 

again is consistent with the loss in cell efficiency (Table 1). The 

curves in Figure 21 and 22 also indicate that the performance differences 

between Ti-contaminated single and polycrystalline cells are small 

because Ti controls the cell efficiency. The differences in behavior 

become more apparent at smaller Ti concentration. 
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In Figure 23 we show the effect of Mo on the spectral response 

of single-crystal and polycrystalline solar cells. The data clearly 
12 -3 . 

indicate that the polycrystalline cell containing ~ 2xl0 em Mo exhibits 

degradation from grain boundaries as well as from the impurity because 

neither effect dominates the bulk lifetime. 

In Figure 24 the spectral response data for uncontaminated, 

as well as Cr-doped, single-crystal and polycrystalline cells again 

illustrate how both grain boundaries and the impurity effect solar cell 

performance. 

The I-V and spectral response data provide a phenomenological 

picture of how impurites and material substructure influence the overall 

properties of devices. However, these data give little insight into 

localized or small-scale chang~s in material and device characteristics. 
3 

For that reason, we used DLTS measurements on small diodes to evaluate 

variations of the electrically ·active impurity concentration within the 

grains of the polycrysta1line •• material, and also nea-r microstructural 

features such as twin and g~ain boundaries.(We·deftne the electrically 

active concentration as the concentration of the trap with highest 

density and not n~cessarfly the one'controlling.carrier lifetime.) In 

Table 18 are.compiled the average values of the active impurity 

concentration measured on a variety _of wafers and solar cells used in 

this study. 

We find two Ti-induced recombination centers, .Ev +0. 30eV and 

EC-0.26eV, in both single and polycrystall::ine cells •. Th~ EV+0.30eV 

level was present both in the as-grown silicon and the wafers processed 

into cells. The EC-0.26 ~V is a minority-carrier. trap and was detected 

by forward biasing the p-n junctions. There were only faint indications 

of levels due to the microstructural features themselves in the 

polycrystalline material, but the data were not sufficient or reproducible 
3 

enough to measure the levels accurately. The active Ti concentration 

in the as-grown wafers and cells is lower than that in the single 

crystals, consistent with the· fact that less Ti was originally added to 
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the polycrystalline ingot. It is also clear from the data in Table 18 

that the electrically active Ti in the as-grown ingots is only about 35% 

of the total Ti present. We have found similar behavior for other 

impurities. 3 A further reduction in active Ti concentration occurs due 

to phosphorus gettering near the junction when cells are made; so that 

less than a tenth of the metallurgical Ti remains electrically active 
28 

there. 

The DLTS data for the Ti-contaminated polycrystalline material 

exhibits more scatter than that for the single crystal. The variation 

is caused by changes in Ti concentration in the vicinity o.f microstructural 

features like those illustrated in Figure 26; an optical photograph 

whlch typifies the many dcvicco we cnaminod by DLTS measurement&. the 

corresponding electrically active Ti concentrations are also shown in 

the figure. In general, we find a small but measureable reduction in 

Ti concentration in the vicinity of meandering grain boundaries, e.g., 

like (a), while the active Ti concentration. near straight-sided twin 

boundaries (d) or within the interior of a grain (b) are at or above 

the average value for all the diodes made on the cells. (Another Ti~doped 

polycrystalline ingot,202, containing~ 5 times less Ti did not 

show appreciable reduction in ·active concentration at the grain boundaries, 

suggesting the same concentration·dependence of impurity-grain boundary 

interaction.) 

A combination of reflected-light micrograph and laser-scanned 

photoresponse micrograph of the same area, Figure 27, on Ti-doped 

polycrystalline reveals high-recombination rates at etched features which 

resemble grain boundaries (the thick dark strip is part of the contact 

grid). Straight-sided twins like those iri the upper right corner of 

Figure 27 (a), however, do not show electrical activity. Similar results 

have been noted by other workers.
29 

In the case of Mo-doped silicon wafers, we found one deep level 

located at EV+0.30eV. Unlike Ti, 100%.of the metallurgically added Mo 

in the single crystal or·. polycrystalline silicon wafers is electrically 
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TABLE 18 

AVERAGE IMPURITY CONCENTRATIONS IN SINGLE-CRYSTAL 

AND POLYCRYSTALLINE SILICON INGOTS AND CELLS 

Electrically Active 
Metallurgical Concentration in 
Concentration As-grown wafer 

Ingot ID cm-3 cm-3 

2.0 X 10
14 

(S.O+l)xl0
13 ~40) Ti-13 7-Single 

Ti-210-Single 1.0 X 1014 (3.8+0.5)x101 (20) 
Ti-102-Poly 1.1 x 1014 (4.6+2)x10l3 (20) 

Cr-004-Single 1.0 X 10
15 (1.5+0.5)xl014 (20) 

*cr-227-Poly 4.5 x 1o1s (8-200)xl012 (40) 

V-206-single 2.6 X 1013 (6.5+0.5)xlol2 (10) 
V-203-Poly 5 X 1013 (17±2)x1ol2 (15) 

Electrically Active 
Concentration in 
Solar cell (near junction) 

cm-3 

13 
(50) (l.&H>.2)xl0 

(4.0+0.S)x1ol2 (10) 
(6.0+2.0)x1ol2 (32) 

undetectable (30) 
undetectable (10) 

undetectable (10) 
undetectable ( 6) 

* Mass Spec. Analysis Showed Impurity Concentration 
of 2.2 x 1015 cm-3 
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12 -3 
d = 8. 11 x 10 em , 

30 mil 
I I 

(a) 

12 -3 
e = 6. 56 x 10 em , 

(b) 

12 -3 
f =4.12x 10 em 

Figure26 Localized variation in the cvncentration of the Ti-induced 
EV+0.30eV trap in the depletion region of the polycrystalline 
cell 
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Figure 27 

~ 400 IJffi •I 

(a) 

(b) 

Magnified views of a) reflective-light micrograph of a 
region nn the Ti-doped polycrystalline cell and b) laser
scanned photoresponse micrograph of the same cell area 
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active (Table 18). Even after solar cell fabrication, no change in the 

active MO concentration was detected. The data in Table 18 indicate 

that there was no appreciable scatter and the active MO concentration was 

nearly the same over 20 Schottky barrier diodes fabricated on a Mo-doped 

polycrystalline wafer. Figure 28 illustrates, for example, that the 

measured active Mo concentration was independent of the underlying 

microstructural features; presence of grain boundaries had no influence 

on the electrical activity of Mo. 

From Table 18 we note that Vanadium in p-type silicon produces 

a deep level at Ev+0.42eV. Only about 28% of the metallurgical V is 

electrically active in ~hP ~R-grnwn single-crystal and polycryotalline 

wafers. The scatter in active V concentration from place to place on a 

wafer was also small. Figure 29 shows that in a polycrystalline wafer 
13 -3 

containing~ 2xl0 em V, the active V concentration remains nearly the 

same regardless of the presence of grain boundaries. 

Cr grown into silicon causes two deep levels, at EV+0.22eV 

and EV+o.3leV. Only about 20% of the total Cr in the wafers is electrically 

active in single-crystal wafers. However, there is a very striking 

diff~umc~ !n the behavior of Cr compared to other impurities in poly

crystalline silicon. Unlike Mo, V, and Ti, there is more than an order 

of magnitude variation in electrically active Cr with a poly~ryRtalline 

wafer (Lable 18). The highest concentration is nearly equal to what one 

would expect in a single crystal. Figure 30 illustrates that regions 

with high Cr concentration are free of grain boundaries, while the 

presence of a grain boundary significantly reduces the electrical 

activity uf C.r:. Straight-sided twins, l<'igure JUa, do not show any 

appreciable influence on the active Cr concentration, an observation 

consistent with results for other impurities. 

J. 7.2 A!'talyt>lH uf Impurity Behavior 

Our data for uncontaminated polycrystalline silicon indicate 

that uncoated cell efficiency declines to ~ 7% in material with 1-mm 

size gralu!:i f.r:um the 10% value characteristic of the baseline single-crystal 
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Figure 28 

12 -3 
[ Mo*] = 2. 5 x 10 em 

[Mo*l =2.6xio12 cm-3 

30 mil 

Optical micrographs and corresponding electrically active 
Mo concentration in regions of a polycrystalline wafer 
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Figure29 

13 -3 
[ V* 1 = 1. 6 x 1 em 

30 mil 

Optical micrographs and corresponding electrically active 
vanad'ium concentration in regions of a polycrystalline 
wafer 
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Figure JO 

l cr-1 =2.0x 1014 em-3 

14 -3 
!Cr*l =1.8x10 em 

!Cr*l = 1.1 x 10
14 

em - 3 

30 mil 

13 -3 
!Cr•J =5.0x10 em 

Optical photomicrographs and corresponding electrically 
active chromium concentrations from various regions of a 
polycrystalline wafer 
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devices. This efficiency value is well within the ranges found by others 
29-32 

for solar cells made on polycrystalline silicon with comparably sized grams. 

The dominant performance reduction mechanism is a decrease in the bulk 

lifetime, primarily due to carrier recombination at grain boundaries, 

e.g., Figure 27. The lower effective bulk lifetime in the polycrystalline 

material causes both short-circuit current and open-circuit voltage to 

drop (Table 17). Electrically active grain boundaries which penetrate 

the junction region also cause increases in junction recombination current 

so that fill factor also depreciates. Detailed I-V measurements, 

Figure 25, and spectral response curves, Figures 21 to 24, confirm this 

rP.clnction in recombination lifetimes. 

The addition u[ Mo, Ti, V, nnd Cr to sing.1.e-cry~t:~1 R111~on 

produces a significant decrease in cell efficiency (Table 18 and 
14 -3 

Section 3.5). At metallurgical concentrations of 2x10 em Ti (less 
12 -3 13 -3 15 -3 

than 10 ppba), 2x10 em MO, 2.6x10 em V, and lxlO em Cr, the 

uncoated cell efficiencies are reduced from 10% to 4%, 8%, 7%, and 7.8%, 

respectively. The totality of our data make it very clear that this 

reduction in cell efficiency stems almost entirely from the loss in 

bulk lifetime by carrier recombination at deep levels introduced by 

these impurities. Indeed, from the impurity performance model (section 

3.5), solar cell efficiency can be predicted from impurity concentration 

assuming an inverse proport!uuallLy Letween bulk lifetime and imptJri ty ~on tent. 

When impurities are incutporated into polycryRtalline ingots~ 

two independent sources of carrier-lifetime reduction coexist in the 

silicon: the impurity-induced traps and the grain boundaries themselves. 

The net carrier lifetime (T) can be written as 

1 1 1 
- = ----------- + ------~---------

T 
impurities Tgrainboundarl~s 

(41) 

If the imryurity is severely detrimental and reduces the lifetime 

significantly compared to grain boundary recombination, then T = Timp 

and the effect of the grain boundary on cell performance will be 

negligible. On the other hand, if Ti > T b' then the influence of mp rv g 
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grain boundary on the polycrystalline cell performance will be 

evident as well. 

We, in fact, observe this in our cell data. When 2xl0
14 

cm-
3 

Ti 

is added to single or polycrystallin~ material, uncoated cell efficiency 

is about 4% in both cases because T is controlled by Ti impurity

recombination centers. However, data for MO-, Cr-, and V-doped cells 

indicate that the single-crystal cell efficiency is close to that of 

the uncontaminated polycrystalline cells. Therefore, a further reduction 

in the cell performance was observed when the same amount of impurities 

were added to the polycrystalline material. These observations are 

consistent with the model described by equation 41 because cell 

efficiency is directly related to carrier lifetime. Spectral response 

data, Figures 21 to 24, also show that for MO-, V-, and Cr-doped cells, 

the red response is decreased by both grain boundaries and impurities. 

In the case of Ti, the observed effect of the grain boundary in the 

polycrystalline cell is small, as expected (Figure 22). 

The most direct evidence of impurity grain-boundary inter

action is revealed by theopticalphotomicrographs and DLTS measurements 

(Figures 26, 28, 29, and 30). For impurities like MO, which diffuse 

slowly in silicon, we found that the electrically active metal 

concentration was indeoendent of the underlying microstructural features 

of the polycrystalline wafer (Figure 28), and was equal to that typical 

of doped single crystals. This indicates there is no measureable 

interaction between Mb and the grain. boundaries. This is in striking 

contrast to the data for Cr, an element which diffuses rapidly in silicon 

In Figure 30, grain boundary free regions exhibit high Cr concentrations-

nearly eQual to wh~t would be exoected in a single crystal. However. 

regions of the wafers which contained grain boundaries exhibit a 

significant reduction in the Cr electrical activity. In sooe regions 

this reduction was more than an order of magnitude. 
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Qualitatively, the decrease in the active Cr concentration 

seems proportional to the volume of the specimen occupies by the grain 

boundaries. For Ti, the diffusion constant of which falls in between 

those of Mo and Cr (see Section 3.8), we observed a reduction of active 

Ti concentration by a factor of 1.5 to 2 in the regions of the specimen 

containing grain boundaries (Figure 26). 

We conclude that the electrical activity of impurities 

decreases in the vicinity of grain boundaries, and that the magnitude 

of reduction in activity is a function of the diffusion constant of 

the impurity. These observations can be rationalized by the simple 

model depicted in Figure 31. At the solidification temperature, impurity 

concentration in the solid (CS) is nearly uniform and equal to the 

product of impurity concentration in the liquid (C~) and the segregation 

coefficient of the impurity (k). The model assumes that the 

crystallographically disordered: grain boundary regions act as effective 

sinks for impurities. As the crystal cools from the growth temperature, 

impurities will tend to diffuse from grain interiors toward the boundaries. 

There the impurities precipitate and become electrically inactive. 

The restilt of this process is the observed decrease in 

electrically active impurity concentration (conversely,an increase in 

metallurgical impurity concentration) at the grain boundary that is 

depicted in Figure 31. Since in the bulk crystal the active impurity 

concentration is a fixed fraction of metallurgical concentration,) a loss 

of electrical activity will be observed near the grain boundary, and this 

loss will be a direct function of the diffusion constant of the impurity. 

It is reasonable to assume that the process of deactivation 

begins in the solid because the liquid diffusion constants of most 

impurities in silicon are similar (Section 3.3) and quite large (~ 10-
4 

2 
em /sec) compared to values in the solid. For these reasons, if melt 

and gra:nboundary interaction were responsible·for deactivation, we 

would have observed a similar decrease in electrical activity for all 

the impurities, regardless of their diffusion constant in the solid. 
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A MODEL FOR IMPURilY/GRAIN BOUNDARY INTERACTION 

-- - - - -- -- - - - - c 
------------ t 

Grain 
Boundary 

Liquid 

Solid 

Metallurgical Concentration 
at Room Temperature . 

Figure31 MOdel of impurity/grain boundary interaction in which the 
electrical activity of a species is reduced in the vicinity 
of the boundary 
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3.8 The Impact of Thermochemical Processing on Impurity-Doped Silicon 
and Solar Cells 

In the preceding sections of this report we described the 

effects of various impurities on solar cell perfofmance and developed 

models to predict the degradation due to specific impurities. These 

analyses showed that tpe dominant effect of most impurities is to reduce 

carrier lifetime in bulk silicon, although a few other impurities, notably 

Cu and Fe,cause an increase in excess junction current. 

In the section to follow we report how various thermochemical 

processes performed after crystal growth can alter the _distribution and 

chemical state of the impurities in silicon and thus change significantly 

the nature or magnitude of an impurity's impact on solar cell performance. 

The processes we investigated were: 

(a) various types of gettering, 

(b) ion implantation of junctions, and 

(c) simple heat treatments. 

Based on our results, a model of the processing effects was then developed. 

3.8.1 Gettering of Impurities irt Silicon 

Several processes today are in connnon use within the semiconductor 

industry to improve performance by gettering impurities and crystal defects 

out of the active volume of semiconductor devices. 1n our investigation, 

the effects of POCt
3 

gettering, HCi gettering, mechanically induced 

damage gettering, and ion-implantation gettering have been evaluated. 

3.8.1.1 Background 

We previously reported in detail
3 

the changes in'efficiency of 

Ti-, Mb-, Fe-, and Cr-doped solar cells subjected to HCR., POCt
3

, and 

damage treatments. Briefly, we found that for P0Ct
3 

treatments in the 

temperature range 950 to 1100°C: 
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1. increasing the gette.ring temperature generally causes an 

increase in solar cell efficiency; 

2. the cell performance of Mb-doped silicon was improved little, 

if at all; 

3. the cell performance of Ti-doped silicon improved considerably, 

but extended times or high temperatures would be necessary 

to raise the efficiency to a value comparable to that of 

the uncontaminated baseline cells; 

4. the cell efficiency of Cr- and Fe-doped silicon was improved 

relative to that of the baseline cells; 

5. except for the Cr-doped silicon, the cell efficiency 

improvement could be interpreted as due to a single, 

thermally activated mechanism. 

For HCJI. gettering between 1000 and 1100°C, it was found that: 

1. HCJI. is as effective as POCJI.
3 

in gettering Fe and Cr; 

2. HCJI. was somewhat more effective than POCJI.
3

. in gettering 

Ti; 

3. HCJI., like POCJI.
3

, is not effective in gettering Mb; 

4. since POCJI.
3 

gettering produces a region of heavy phosphorus 

doping which must be removed for solar cell fabrication, 

HCJI. gettering is more attractive as a practical process. 

We also found that impurity-doped silicon gettered simultaneously 

by HCJI. and mechanical lapping damage was not measureably different from 

silicon gettered by HCJI. alone. 

The mechanism of gettering appears to be thermally activated 

diffusion of the impurity species to the silicon surface where electrical 

deactivation of the impurity-induced recombination centers takes place. 

During out-diffusion, a concentration profile is formed in the wafer. 

Typical impurity profiles, Figure 32,measured by DLTS on step-etched 
3 . 

wafers illustrate that an 825°C, 50-min POCJI.
3 

or HCJI. gettering (1) has 
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Curve 729132-A 
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pista.nce From n+-p Interface ( ~ m) 

-
Figure 32 Electrically acti.ve impurity profiles for several species 

after an 832°C, _?~~min POC1
3 

treatment 
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no effect on the active Mo concentration, (2) produces a concentration 

profile in the first 10 ~m near the silicon surface for Ti or V, and (3) 

significantly reduces the active Cr concentration (it falls below the DLTS 

detection limit). The shapes of the profiles are species and treatment 

dependent. 

Since these initial results, we have extended our studies to 

(1) measure the activation. energy for Ti gettering, (2) evaluate 

gettering of polycrystalline material, (3) examine the gettering behavior 

of copper, and (4) test the effectiveness of argon ion implant damage 

as a gettering mechanism. 

3.8.1.2 Thermal Activation of Impurity Gettering 

Following an examination of the concentration dependence of Ti 

gettering which we find to be small, we have measured the activation 

energy of Ti out-diffusion from silicon. These experiments are reviewed 

below. 

Our earlier studies of Ti gettering·employed Ingot Wl37, which 
14 -3 13 -3 

contained a metallurgical concentration of 2xl0 em Ti (8x10 em 

electrically active Ti). More recent results are based on data from 
14 -3 13 -3 . 

Ingot Wl23, containing lxlO em total Ti (~ 3.8x10 em electrically 

active Ti). In Fi$ure 33 we compare the profiles of electrically active 

Ti produced by an 825°C/50 min. POCR.
3 

heat treatment of wafers from each 

ingot. The data indicate that following gettering the active Ti 

concentration of Ingot 151 returns to the initial bulk value within 10 

~m of the surface. However, the active Ti concentration for ingot Wl23 

does not recover to its initial value within the bulk; instead it 

saturates substrates at a concentration about a factor of two lower. 

Since there could be an experimental error of about a factor of two 

variation in metallurgical Ti concentration from seed and tang ends, it 

is difficult to determine whether this effect at lower Ti concentration 

is real. 
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Qualitatively, the two profiles in Figure 33 are very similar; 

to evaluate quantitatively the difference in the profiles, we fit the 

experimental data tQ ~ model which assumes that diffusion of Ti out of 

the specimen to the wafer surface prevails during gettering. This model, 
3 

described in detail earlier, uses a one dimensional diffusion equation 

to describe the diffusion process: 

aN(x,t) 
at 

2 
= D a N(x,t) 

ax
2 

The equation has a general solution given by 

N(x, t) ='(A sin an + B cos ax) exp (-a
2
Dt) 

(42) 

(43) 

where N(x·, t) is the impurity concentration as a ftmction of distance 

from the center of the wafer and t is the time of the gettering process. 

D is the diffusion constant for the impurity in solid silicon. It 

was previously shown that, with appropriate boundary conditions, two 

solutions for this equation can ·be derived. Both solutions are infinite 

series; the solution chosen for computation is that which converges more 

rapidly for specific values of D and t. N , the experimentally 
0 

determined saturation value of the impurity concentration after gettering., 

and N, the impurity concentration at the surface, are.used as two 
s 

botmdary conditions to obtain a numerical value of the diffusion constant. 

In Figure 33 the open circles denote the calculated data fit to this 

out~diffusion model. Clearly, agreement with experiment is very good. 
. . . -11 2 -li 2 

The value of D equal to 2.2x10 em /sec for Ti-137 Ingot and 4.lx10 em /sec 

for Ingot 123 provided the best fits to the data. Within the accuracy of 

experiments these are reasonably close, suggesting that out-diffusion 

process is no.t appreciably influenced by the initial impurity conce~-

tra tion in the bulk.' 

If the observ~d Ti profiles form by a diffusion mechnnie:m, 

then we expect the process to be thermally activated and the temperature 

dependence of the diffusion constant to be described by an equation of the form 
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D = D exp (-E/kT) 
0 

where E is the activation energy. 

(44) 

We systematically evaluated the Ti concentration profiles 

formed in wafers subjected to POC1
2 

gettering for 50 min at various 

temperatures in the range 825 to 1100°C. Again, the concentration 

profiles of electrically active Ti are determined by first removing the 
+ n layer from each wafer and then etching steps into the silicon 

followed by DLTS measurement on a Schottky barrier diode fabricated 

on each step. The fit of this data,Figure 34, to the out-diffusion 
-11 2 -10 2 

model gives diffusion constants of 4.lx10 em /sec, 1.8x10 em /sec, 
... 9 2 

and 1.4x10 em /sec at 82s•c, 9UU°C, and llOOuC, respectively. 

An Arrhenius plot of the diffusion constant as a function of 
E 

1000/T, Figure 35, has a slope of 8.33 which is equal to 2•
3

xlOOOxK 

from equation 44. This gives an activation energy E • 1.66eV. 

Substituting this value of E in equation 44 gives D = 1.2x10-
3 

cm
2
/sec. 

0 

Equation 44 for Ti impurity can then be rewritten as 

-3 2 
D = l.2xl0 . exp (~1.66eV/kT)cm /sec. (45) 

. 33 
Boldgrev et al. found the activation energy for Ti diffusion to be 

. -5 2 
l!SeV and. D() = .2x10 em /sPx·.hy cHffn~ing ~ ndioactiva isotope of Ti 

into silicon. Our activation eneriY is in· gone'! AgrF.>f?me-nt with Boldgrev' s 

value. However, D differs by almost two orders of magnitude, a feature 
0 

we have as yet not explained but which may be related to differences in 

experimental conditions. 

The facts that (a) Ti profiles fit the out-d-iffusion equation 

very well, (b) diffusion constants at various temperatures follow the 

first order diffusion equation D = D
0 

exp (-E/kT), and (c) the activation 

energy agrees fairly well with the literature's values all support our 

initial hypothesis that the gettering mechanism of grown-in impurities, 

particularly Ti, is diffusion limited. The results further indicate that, 

in principle, silicon can be doped with Ti by diffusion in the temperature 

range 1000-1250°C with diffusion annealing periods of the order of 100 hrs. 
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3.8.1.3 Gettering of Polycrystalline Silicon 

Recently, our studies of HCt. and POCt
3 

gettering ~ave been 

extended to impurity-doped polycrystalline silicon. In general, the 

results conform very closely to those for the same impurities in 

single-crystal silicon (reference 3, vol. 2), although cell efficiencies 

are further impacted by the presence of grain boundaries in the devices. 

The effects of POCt
3 

gettering for periods of one hour at 

temperatures of 950°, 1000°, arid 1100°C are illustrated in Figure 36. 

The data indicate that titanium and vanadium indeed can be gettered from 

polycrystalline silicon, resulting in an increase in cell efficiency. 

However, the efficiency of cells·made with polycrystalline material will 

still be low relative to single-crystal material. As noted above, 

molybdenUm diffuses only very slowly in silicon; this property is 

reflected in the data of Figure 36, where it is apparent that molybdenum 

is not gettered to any observable extent from polycrystalline silicon 

under these test conditions. 

The results of HCt gettering for one hour at 1000° or 1100°C, 

respectively, is illustrated in Figure 37. Again, the more rapidly 

diffusing elements titanium and vanadium are effectively gettered from 

polycrystalline silicon, while slower diffusing molybdenum is not. 

Clearly, while gettering can raise the efficiency of poly

crystalline solar cells, the absolute efficfencyvaluesstill remain well 

below those of comparable single-crystal devices. 
I 

3.8.1.4 Gettering by Ion Implant Damage 

We found previously that damage gettering by a lapped surface 

on the back side of solar cell wafers was not effective in enhancing the 

effect of HCt gettering.
3 

Because the damage induced by back-surface 

lap.ping is both difficult to quantify and to reproduce accurately, a more 

easily controlled damage method, back-surface ion-implant damage, was 

chosen for further ·investigation. 
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Two impurities, copper and titanium, representative of fast and 

slowly diffusing elements in silicon, were made the test vehicles for· 

these studies. Wafers containing the two impurities were damaged on their 

back sides by argon ion implantation. The ions were implanted at 100 keV 

to a dose level of 1x10
15 

cm-
2

• Some wafers were simrly annealed at 

1100°C in nitrogen to assess the gettering capability of back-surface 

damage alone; other~ were further gettered with HC~ at 1000°C and 1100°C, 

or with POc~ 3 at 950°C, 1000°C, and 1100°C. Gettering times were always 

for one hour. Following the thermochemical gettering step, the HC~

gettered wafers and the "damage only"-gettered w:afers were processed to 

remove surface oxides. The POC~ 3 -gettered wafers were chemically etched 

to remove the phosphorus-doped surfaces formed during t:he gettering pruc~tus. 

All wafers were then processed to form solar cells according to our standard · 
3 

process sequence. The results of the experiment are depicted in 

Figures 38 through 41. 

3 
Copper diffuses rapidly through silicon. In solar cells its 

primary effect, unlike that of most heavy metals, is to cause efficiency 

degradation by increasing·junction leakage rather than by reducing 

minority-carrier lifetime. The mechanism by which this degradation takes 

placeis believed to be the precipitation of copper atoms ae defect sites 

within the silicon, causing electric field concentrations in the junction 
1-3 

region and occasionally shunting the junctiOt'l ~1 rh 1 nw-rP.Ri.Rtance paLh~:>. 

Thus, the effects of any high-temperature treatment of copper-containing 

silicon can be exPected to be complex. 

Figures 38 and 39 illustrate that copper-cont:aining silicon as 

grown can be fabricated into solar cells the efficiencies of which are 

very close to those of devices fabricat:ed on pure silicon. A hlgh .... Lemverature 

process, such as ion damage gettering alone, decreases cell efficiency 

perhaps becauoe it permits more copper precipitation to take place, while 

the ion-damaged region is not very effective in removing copper atoms 

from the junction region. 
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POc~ 3 or HC~ gettering, either by themselves or in combination 

with ion damage gettering, are more effective in raising cell efficiency 

than is ion damage gettering alone, but on the basis of our data it is 

doubtful that any of these gettering processes can produce better material 

than the original as-grown silicon. 

As we pointed out earlier in this section, titanium diffuses 

fairly slowly through silicon. Its presence in silicon causes minority

carrier traps which reduce the lifetime in both n and p-type material. 

The data in Figures 40 and 41 show that ion damage gettering by itself 

is effective in raising the efficiencies of titanium-containing silicon 

solar cells. They also show.that the improvement due to ion damage 

gettering is small in comparison to what can be achieved with HC~ or 

POC~ 3 gettering. 

The data presented here shoW that, at least for copper and 

titanium impurities in silicon, ion-implant damage gettering is not as 

effective for improving solar cell efficiency as are the HC~ or POC~ 3 
treatments we have previously studied. In the case of copper, high

temperature processing appears to degrade the material; the original 

quality of the material can be regained only by prolonged gettering 

at high temperature. 

In contrast to the results for Cu, all of the treatments 

improved the efficiencies of the Ti-doped cells compared to the 

ungettered condition. Based on these and earlier results our conclusions 

are: 

(1) POC~ 3 and HC~ gettering raise the solar cell efficiency 

by 1 to 1.5% (absolute) compared to the ungettered case; 

the improvement is greatest at the highest gettering 

temperature, 1100°C. 

(2) The combined treatments, Ar damage plus HC~ or POC~ 3 , 

also improve cell efficiency but not as much as HC~ 

or POC~ 3 alone. 
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(3) Ar damage ~lus annealing at 1100°C (no POC~ 3 or HC~) 

produces a small but real improvement in cell efficiency 

compared to the untreated devices. 

(4) The HC~-based treatments appear mote effective overall 

than those employing POC~ 3 • 

3.8.2 Ion Implantation Junction Formation in Impurity-Doped Cells 

Some studies have concluded that solar cell junction formation 

by ion implantation may offer significant cost savings over diffusion 
34 

processes. Since it has been shown that high-temperature processes 

(and particularly POc~ 3 gettering) affect the efficiency of impurity

containing cells, it is impor~ant tu ~valual~ separately the influcncco 

of impurities in cells fabricated without a conventional POC~ 3 junction

forming diffusion. 

In this investigation, wafers from six impurity-doped ingots 

as well as wafers from a baseline ingot were ion implanted with phosphorus 

for comparison with similar wafers in which the front junctions were 

formed by POC~ 3 .diffusion. The experimental ingots are listed in 

Table 19. 

With the cooperation of JPL staff, wafers were implanted at the 

MOtorola facility with non-mass~analyzed phosphorus. Target parameters 
15 2 

for this process were a fluence of 2x10 · atoms/c1u at 10 keV. The wafers 

were implanted at an angle 10° off the <111> crystal axis. 

After implantation, the wafers wer~ annealed in nitrogen for 

30 min. each at 550, 850, and·550°C, a sequence previously shown effective 

for activating the dopant. Following the anneal, the measured sheet 
+ 

resistivity of the n layer was approximately 60 ohms per square, a value 

similar to that obtained in our normal diffusion sequence.
1 

Experimental cells were fabricated by our standard process 

(except for junction diffusion) including mechanical lapping of the back 

surface. Measured efficiencies of the ion-implanted cells are compared 

to those of diffused cells in Table 20. In each case, in order to 
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INGOT ID 

W016 

W068 

Wl35 

W198 

W209 

W210 

W21i 

TABLE 19 

INGOTS USED IN IMPLANTED JUNCTION EXPERIMENTS 

IMPURITY 

Fe 

Cr 

Fe 

Baseline 

Ti 

Ti 

Cu 

123 

BULK IMPURITY 
CONCENTRATION (1015 cm-3) 

0.4 

1.0 

0.78 

0.02 

0.10 

1.8 



Ingot ID 

016 Fe 

068 Cr 

135 Fe 

198 Base 

209 Ti 

210 Ti 

211 Cu 

Table 20 

CO:l'IPARISON OF THE EFFICIENCIES OF ION-E~LANTED 
CELLS TO THOSE OF DIFFUSED CELL~ 

lor. Implanted Diffused 

n Std. Dev. 
r. of Diffused n Std. Dev. 

% of Diffused 
Avg. Baseline Avg. Baseline 

. 8. 34 0.65 87.3 9.08 0.78 86.4 
~ 

6.80 0.29 71.2 7.91 0.33 77.8 

5.82 1 ...... 
•"-" 61.0 7.76 0.18 78.7 

9.17 0.61 96.0 9.55 0 .. 10 100 

4.69 0.58 49.1 5.65 0 .. 27 56.9 

4.38 0.23 45.9 4.68 0.21 50.1 

8.60 0.52 90.1 9.55 0.28 99.3 

. ' 

.. 



eliminate any influence due to processing variables, a comparison is made 

between impurity-doped cells and baseline cells which were processed at 

the same time. 

Inspection of the data shown in Table 20 indicates that, except 

for the more highly doped Fe material, the cell efficiencies achieved by 

ion implantation are slightly lower than those achieved by comparable cells 

with diffused junctions. This relationship is illustrated in Figure 42. 

These data may be interpreted as showing that some impurites 

are gettered during the POCt
3 

junction diffusio~ process and that no such 

gettering accompanies the ion implantation and anneal sequence. On the 

other hand, the data may merely indicate that the ion implantation and 

anneal conditions have not yet been optimized for solar cell junction 

formation in contaminated silicon. However, the performance differences 

found in our preliminary studies warrant further examination of this 

question. 

3.8.3 Response of Impurities to Heat Treatment 

In order to distinguish· .whether the impurity response to 

P0Ct
3 

and HCt gettering were primarily temperature dependent or ambient 

dependent, we heat treated the metal-contaminated wafers in N
2 

at( 825°C 

for 50 min without any POCt
3 

or HCt. After heat treatment, DLTS 

ueasurements were performed as before to determine the active impurity 

concentration profiles. 

The results of this experiment are shown in Figure 43. The 

electrically active concentration in ingots W077Mb, Wl23Ti, and Wl81Cr 
. 12 -3 13 ~3 14 -3 

prior to heat treatment was 4xl0 em , 4x10 em and lxlO em , 

respectively. As observed in the case of POCt
3 

gettering, the N
2 

heat treatment produces a profile-like distribution for Ti, the Cr 

concentration is reduced below the DLTS detection limit, and there is 

no appreciable change in the initial Mb concentration or distribution. 

It is not yet clear why the N
2 

treatment promotes a gettering-like 

behavior. One possible source for gettering could be residual surface 

damage. Although the wafers were chemically polished and with no intentional 

125 



Curve 728717-A 

100 / 
Baseline /• 

0 CX) / . 
8t 016 Fe • 211 Cu 

~ 
/ 

80 / CP.n 

~= / e068Cr epCP 
70 ~(.) 

/ .,CP 
ca.5 

/ • 135Fe ., ...... 
60 =CP 

/ CP.n 
(.)ftll 

CD 
50 / • 209Ti :Sll 

C.n / •210TI 
fti::J 
Ci.:t: «l :\. / e·-
-Q IJ~/ -co 30 ~<y .SF=' - / 0 

F' 20 / 

10 
/ 

/ 

w 20 30 «l so 60 ro so w ~ 
7J of Diffused Cells as Percentage of 1] of Diffused Base Line Cells 

Figure 42 Relationship between the relative efficiencies of impurity
doped cells the front junctions of which were fabricated 
by phosphorus ion implant and phosphorus diffusion 

126 



Curve 727972-A 

After 82SOC/1 Hr. N
2 

Anneal 

___ .,_ ___ ..,.._n -123 

• 

rDLTS Detection Umlt 

r-T- .L f -l -- -1-cr-181 

10
11 
o----~~0----~~--~~----~~--~~----w~--~ 

---..Distance from the Surface (~m) 

Figure 43 Change in electrically active impurity concentration after 
an 825°C/1-hour N

2 
anneal 

127 



damage, the surface may not be completely damage-free and' could provide 

a sink for impurities when the impurities reach surface sites; possibly 

by vacancy-aiced diffusion, and they are no longer electrically active. 

It is not clear how N
2 

could react (as the C1 in POC1
3 

or HCi does) 

with the impurities on the surface to reduce the surface concentration and 

to produce a concentration gradient. (Contamination of N
2 

by a reactive 

species like o
2 

is a possibility, albeit an unlikely one.) 

In order to compare the extent of gettering due to the POCt
3

, 

HCi, and N
2 

heat treatments, we have replotted in Figure'·44 the respective 

Ti impurity profiles produced after an 1100°C/50-min heat.treatment 

in each anibiertt. It is striking t:o not:e that: w.ithin experimental error. 

each anibient produces the same gettering response, i.e., there is no 

difference in the Ti concentration profile with ambient condition. This 

indicates that it is the treatment temperature and not the chemical 

species in the gas phase which determines the profile, a 'fact consisteitt 

with our hypothesis that gettering of impurities in silicon is a diffusion

limited process. As long as there is an appreciable sink for :tmpud.tes 

at the wafer surface (P0Ct
3

, HCt,N
2

, or surface 9amage), one should 

observe the same profile if bulk impurity atoms migrate to the surface 

by a diffusion process because the rate of diffusion depends only on 

temperature and not the ambient. 

The ambient conditions may influence the surface concentration 

but if the surface concentration is at least half an order of magnitude 

below the bulk concentration, then its influence on the profile in the 

bulk becomes negligible. This is evident from the data in Tab1e 21. 

Here we have calculated the Ti concentration at a location 4 ~m below 

the silicon surface as a function of surface concentration. The 

diffusion conditions used for these calculations were 50 min. at 
' 13 -3 

825°C, and the bulk impurity concentration was assumed to be 7.6xl0 ·em 

(Ingot Ti-137). The calculations clearly indicate that even when the 

surface concentration is va+ied from 0 
13 

at a 4-~m depth remains about S.lxlO 
13 -3 

is raised to SxlO em , there is only 
13 3 

concentration at 4 ~m to S.OxlO em-
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Ti 
nt-p 

5 

TABLE 21 

CALCULATED Ti CONCENTRATION 4 ~m BELOW THE n+p INTERFACE AFTER 
825°C/50 MIN P0Ct3 TREATMENT WHEN THE Ti CONCENTRATION Ar THE 
n+p INTERFACE IS VARIED. 

In this out-diffusion mode1 1 calculations of bulk ri cpncentration 
are assumed to be 7.6 x 101~ cmr3 and D = 2.2 x lo-ll cm2/sec. 

Ti Concentration 
Concentration at 4 ~m below the n+-p 
interface (cm-3) Inter face ( cmr 3) 

0 5.07 X 10
13 

1012 5.10 X 1013 

1013 5.40 x io13 

X 10 1 ~ 6.0 X 1013 
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Figure 44 Electrically active Ti profile produced after an 1100°C 
treatment in various ambients 
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The data in Figure 44 indeed show that the surface concentration 

in all three ambients, POC~ 3 , HC~, and N
2

, was more than an order of 

magnitude below the bulk co~centration and this is why all three profiles 

are similar. For these conditions only the temperature and bulk 

concentration govern the impurity concentration pr~file. 

Heat treatment of Cr-doped silicon above 800°C in POC~ 3 , HC~, 

or N
2 

results in a substantial loss of Cr activity,. e. g., Figure 32 (in 

all cases the active Cr concentration falls below .~he DLTS detection 
11 -3 

limf.t. of "' 3.5x10 em ) • Thus, to obtain diffusion data for Cr in ., ' 

silicon, we heat treated the Cr-doped wafers at muc\1 lower temperatures, 

100-600°C in a N
2 

ambient. The treatment time w~s. one hour in all cases. 

Following heat treatment, 30-mil diameter Schottky !>arrier diodes were .. 

fabricated to detect the active Cr at the wafer surface via DLTS. The 

results of these experiments are illustrated in F~gure 45. Even after 

the 100°C treatment, we detec;:t about a factor of .~··loss in the electrical 

activity of Cr at the surface. After the 400°C treatment a redu~tion 

of two orders of magnitude in electrical activity was observed. 

' In common with the POC~ 3 gettering experiments, nearly a 

complete loss of Cr electrical activity occurs after a 600°C heat treatment. 

Thesedata, therefore, also suggest that the loss of Cr electrical activity 

during POC~ 3 gettering is primarily an effect of .thermal treatment, not 

the particular chemical ambient. 

To gain a clearer idea of the mechanism by which the loss of 

electri.cal activity occurs, we determined the active cr concentration 

profile in the silicon following a JOU 8 C N
2 

treatment. Figure 46 

illustrates the formation of an impurity profile during the treatment. 

The Cr concentrati~n profile extends through the first 50 ~m of the 

surface region suggesting that, like Ti, the decrease or loss of 

electrical activity in the bulk after heat treatment occurs by out-diffusion 

of the metal impurity toward the surface, .and not by precipitation or 

mechanisms which would reduce the elec. trical act1·v1·ty ·t 1 un1 orm y throughout 
the bulk. 
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The data in Figure 46 were also fitted to our'" out-diffusion 

model and give excellent agreement with the experimental data when a 

diffusion constant of 1.33x10-lO cm
2
/sec is chosen. We obtain a 

similar diffusion constant for Ti at 900°C, which confirms our belief 
' 

that Cr is a very rapidly diffusing species compared to Ti. 

3.8.4 Sunnnary 

Overall, our data indicate that gettering and thermal 

treatments predominantly affect the distribution and concentration of 

electrically active impurities via a diffusion-limited process in the 

silicon wafer. Impurities which degrade cell performance via ~ifetime 

reduction and whi~h diffuse rapidly in silicon (e.g., Fe or r.r) ~an be . -

successfully gettered with significant improvements in cell performance. 

Elements which diffuse slowly (Ti, V) can be thermally deactivated with 

an improvement in cell efficiency, but not in a practical time-temperature 

process regime. For the most slowly diffusing species (MD), no change 

in active-impurity concentration or distribution was observed at the 

highest temperatures tested (1250°C). If a suitable surface impurity 

sink is provided, thermal treatments alone apparently induce gettering. 

Damage--mechanically·induced or by argon inn implant- giveo little 

advantage over the thermochemical treatments (HCi, POC~ 3 ) themselves. 

Impurity-doped solar. cells fabricated by phosphorus implant produce 

etficiencies somewhat lower than similar ce!ls the front. j1mrtion& 

of which were diffused. 

3.9 Permanence of Impurity Effects 

3.9.1 Background 

Solar cell modules for terrestrial applications must have useful 

lives of 20 years or longer. The data in Section 3.5 outline the 

immediate effects of metallic impurities upon solar cell efficiency; in 

Lh1s section we consider the effects of representative impurities upon 

long-term solar cell operation, a knowledge of which is important in 

defining the utility of devices made from less-pure "solar grade" silicon. 
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Since it is intended to project behavior over periods of time 

which are extremely long compared to practical testing times, an 

accelerated aging technique is required. In our investigation, elevated 

temperature was used as the accelerating mechanism. The response to 

elevated temperature aging was modelled, and extrapolations were made to 

determine useful lifetimes at practical operating temperatures. In a 

separate set of experiments, electrical bias was also examined for its 

impact on impurity behavior. 

The impurities chosen for this study represent elements which 

may be present in partially refined silicon (iron, copper, titanium, 

and molybdenum)·; elements which may be used in the construction of high

temperature processing equipment (molybdenum an~. niobium); and elements 

which may be used as electrical contacts and electrodes on solar cells 
22 23 

(chromium, copper, silver, and nickel). Previous studies ' have 

shown that these elements affect solar cell performance in different 
' 

ways. Slowly diffusing elements like titanium and molybdenum affect 

cell performance predominantly through the formation of deep-level traps 
28 

which reduce minority-carrier lifetime, as does niobium, which has a 

very low solubility in silicon. Copper, a rapidly diffusing impurity, 

primarily affects the junction recombination current. Nickel, chromium, 

silver, and iron degrade both lifetime and junction properties to different 

degrees depending upon processing history and metal concentration. 

3.9.2 Accelerated Aging Studies 

Impurity-doped silicon wafers were junction diffused with 

POCt
3 

at 850°C.and were then aged at temperatures from 400 to 800°C for 

periods of time varying from ten minutes to 200 hours. After the aging 

period, solar cell fabrication was completed with cell-area definition 

and contact metallization. 

3 
Our standard cell design was used for this investigation 

since simplicity, reproducibility, and insensitivity to minor process 

variations are important to yield reliable data. 
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Examples of the changes in cell efficiency observed at a 

single temperature and increasing time are illustrated in Figure 47 for 

several impurities. 

We have assumed that in the initial stages, the cell performance 

change at a given temperature is linear with time, and that the degradation 

mechanism, being thermally activated, can be represented by the following 

relationship 

1 dn 
1 ----=A exp (-E kT). 

n dt a 
0 

1 dn 
fl dt ·is the rate of change of cfficiGney normalized to tlu~ lulllal 

0 

efficiency, A is a constant for a particular impurity, E is·the 
. a 

(46) 

activation energy of the process, k is Boltzmann's constant, and T is 

the Kelvin temperature.· -Measurement of .1 dn at various temperatures 
11 dt 

allows the determination of A and Ea so that expected behavior can be 

extrapolated to other temperatures and a "time to .failure" can be 

predicted· for any given temperature. 

Experimentally dete~mined values of A Anrl F.A A~e given in 

Table 22. We have arbitrarily defined-"time to failure" to be the time 

during which cell efficiency will decrea.se to nine-tenths nf t.hP

original efficiency. -Figure 48 shows predicted times to faU1.1re ~s a 

function of temperature. · The shaded area in the figure is of practical 

importance. It includes temperatures up to 150°C and times up to 20 

years. Time to failure for only a few elements fall in this region nf 

the plot. 

Results for copper and iron do not appear in Table 22 and 

Figure 4H because the aging studies showed that their effects are complex 

at the aging temperatures, and their behavior cannot hP. predicted on th~ 

basis of a single, thermally activated mechanism. 
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INGOT ID 

097-00 

072-Cr 

077-Mo 

123-Ti 

135-Fe 

166-Fe 

167-Nb 

183-Nb 

192-Ag 

222-Ag 

211-Cu 

221-Ni 

TABLE 22 

1 dn 
CALCULATED PARAMETERS FOR----= A exp _(-E

8
/kT) 

n0 dt 

IMPURITY 
CONCENTRATION 
(1o15 cm-3) 

None 

0.4 

0.0042 

0.105 

o. 78 

1.06 

<0.044 

<0.009 

2.20 

4.6 

1.0 

8.2 

9.85 

7.93 

7. 30 

4.78 

7.76 

8.41 

7.52 

8.16 

9. 30 

8.54 

8.54 

8.38 
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This phenomenological description of aging behavior can be 

interpreted ~id generalized by considering that the properties of 

silicon solar cells can be altered by the presence of metallic impurites 

in any of several ways. Electrically active impuriLies may form centers 

which reduce the minority-carrier diffusion length either by increasing 

the recombination rate or by reducing the minority-carrier diffusivity. 

Additionally, impurities may induce degradation at the contact interface 

or in the metallic contact itself. They may cause series or shunt 

resistance effects or may form precipitates and other junction defect 
22 

phenomena which can cause excess current leakage. 

Impurity-induced carrier-trapping centers can. be measured and 
35 

characterized by deep-level transient spectroscopy (DLTS) measurements. 

These measurements, made on as-grown silicon and upon silicon which has 

been aged at high temperature, can be used to quantify the trap-induced 

degradation mechanism. Junction degradation-and shunt and series 

resistance effects can be .detected by detailed dark and lighted 

current voltage measurements. 

Much, but not all, of the observed behavior can be explained 

on the basis of the following _model. During Czochr~lslt:t ingot ~rowth, the 

crystal cools rapidly enough to quench some impurity atoms in solid 

solution at a concentration higher than the equilibrium roo~temperature \ 

value. The individual atoms in solution are-electrically active as 

deep-level traps; those atoms which precipitate to form a second phase 

may not be active as traps, but when the precipitate is formed in the 

junction depletion region, the junction properties of the solar cell can 

be degraded. 

Slowly diffusing elP.mP.ntR Rnrh ~~ m.olybdenum will bo looo liltcly 

to agglomerate into precipitates during crystal cooling and the concen

tration of deep-level traps will be nearly equal to the metallurgical 

concentration of the metal. Rapidly diffusing elements such as chromium 

will be more likely to diffuse to precipitation sites and very few 

atoms will remain as deep-l2vel centers (see section 3.7);therefore, the 

deep-level concentration will be much less than the metallurgical concentration. 
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During solar cell aging, the material continues to approach 

its equilibrium state as the concentration of deep levels associated 

with individual atoms decreases while the number and size of second-phase 

precipitates increases. The decrease in trap concentration will be 

pronounced for a rapidly diffusing element (such as chromium) and 

slight for a slowly diffusing element (such as molybdenum). 

We hy~othesize that the disappearance of deep levels is 

accompanied by an increase in the number and size of metallic precipitates. 

These precipitates, when they occur in or near the junction depletion 

region, will degrade the junction properties of the cell, resulting 

in increased junction generation current and reduced fill factors, 

effects which were observed in the aging studies. 

The model implies that as a result of the decrease in trap 

concentration, the minority-carrier lifetime and the short-circuit 

current should.increase with aging. This effect was not observed in the 

aging studies. Another phenomenon, perhaps involving complexing between 

metallic impurities and other residual impurities or defects to form 

new carrier recombination sites, may be involved. A few recent DLTS 

measurements appear to support this conjecture (Table 23). 

We conclude from the results of these aging studies that the 

long-term degradation of solar cells by most heavy-metal impurities is 

not significant for ordinary cell-operating temperatures. The immediate· 

effects of these impurities upon solar celi efficiency will be more 

important in the economics of.photovoltaic energy production. The 

P.ffP.ctR of a few metals, notably chromium and silver, may be detectable 

over the expected 20-year module lifetime. Since these metals have been 

considered for use as contacts and electrodes, their effects.may be 

important. 

From the data of this study, .we were not able to predict the 

lorig-term effects of iron and copper, elements·which have been found to 

reduce solar cell efficiency by degradation of the junction properties. 

These effects are complex and were not amenable to extrapolation from 

simple temperature-accelerated aging data. 
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TABLE 23 

EFFECT OF ONE-HOUR, 850°C HIGH-TEMPERATURE AGING ON DEEP-LEVEL 
TRAP CONCENTRATION NEAR THE SILICON SURFACE 

. CONCENTRATION -3 
(em ) 

Ingot Metallurgical Traps before Traps after 
aging aging 

077-Mo 4.2 x.1o12 
4.2 X 10

12 
4.0 X 10

12 
. 

123-Ti 1.0 X 10
14 

4.0 X 1013 2.0 X 1012 

l~l....,Cr 1.0 X 10
15 

2.5 X 10
12 

not detectable 
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The mechanism by which impurity elements can degrade solar 

cells is postulated to be the precipitation of impurites from super

saturated solid solution •. The net effect of the disappearance of 

trapping centers associated with individual atoms and the growth of 

second-phase precipitates in the junction region is to decrease cell 

efficiency. Because rapidly diffusing impurities are able to reach 

precipitation sites readily, they degrade solar cell efficiency more 

rapidly than do slowly diffusing impurities. 

3.9.3 Electrical Bias Effects 

The accelerated high-temperature aging of impurity-doped 

cells did not include the investigation of any effects which might be 

due to interactions between impurities and electric fields in operating 

solar cells. Electric fields are known to affect the behavior of some 

carrier traps. These effects, where they exist, are reflected in the 

measurement of cell parameters under light and dark conditions. Long

term interactions between impurities and electric fields are not well 

known and, if they exist, must be determined empirically. 

Fabricated cells representing eight impurity-doped ingots and 

a baseline ingot were individually contacted in a test fixture. A 

constant current power supply was used to forward bias these cells with 
2 

a current density of 30 mA/cm (the approximate current density which 

would result from one sun illumination). The biased cells were placed 

in an environmental chamber and subjected to an elevated temperature 

for 100 hours. The cells were then retested, the chamber temperature was 

increased, and· the bias stress was repeated. Test temperatures ware 

kept relatively low to prevent parameter changes due to·contact metal 

sintering or reaction with silicon. 

The ingots tested in this manner are listed in Table 24. 

The measured average relative efficiency of the baseline cells after 

100 hours bias aging at temperatures of 125, 13.5, 145, 155, 165, 175, 

185, 195, 205, 225, 245, 265, and 280°C are illustrated in Figure 49. 

The results for the impurity-doped cells, normalized to the baseline 

behavior, are shown in Figures 50-57. 
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TABLE 24 

SILICON INGOTS FOR ELECTRICAL BIAS SOLAR CELL TESTING 

Ingot No. 

W-198-00-000 Baseline 

W 166-Fe-007, 

W-167-Nb-001 

W-192-Ag-001 

W-181-Cr-006 

W-016-Fe-001 

W-056-Cu-005 

W-183-Nb-002 

* W-123-Ti-008 

Impurity 

Nona 

Fe l.Ob x 10
15 

Nb <0.044 X 10
15 

Ag 2.20 X 10
15 

Cr 1. 04 X 1015 

Fe 0.4 X 1015 

Cu 65 x 1015 

m, <0.009 X 10
15 

Ti 0.105 x 1015 

* These cells were brok~n after the 225° test. 
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These data show no systematic effect that can be attributed to 

a thermally activated interaction between impurities and the electric 

field up to 280°C, the limiting temperature of the environmental test 

chamber. During these experiments, average effic~encies did not deviate 

more than 10% from the initial efficiency. The slight variations which 

were observed can be ascribed to contact annealing effects ~nd me~sure-

ment errors. 

In the temperature range investigated, the data do not show 

evidence that a thermally activated· mechanism controls the effects of 

interaction between impurities and electric field. It is p~ssible, 

however, to make a wor~t case interpretation of the data so that a 

projection of low-'temperature behavior can be calculated. 

For this investigation, we define the worst case as follows: 

(1) A 10% reduction in efficiency occurs during 100 hours 

of operation at 280°C; 

(2) the activation energy of the thermally activated process 

is small, say 0.58eV, the smallest activation energy 

measured in the high-temperature aging studies. 

The temperature dependence of the degradation rate would be 

described by 

l dn A (-Ea/kT) no dt = - exp 

d 
where n

0 
is the initial cell efficiency, ·d~ is the rate of efficiency 

degradation, E is the activation energy, k is Boltzmann's constant, 
a 

Tis the Kelvin temperature, and A is a constant. For· the postulated 

worst case then, A = 192 hr-l and E 
a 

= 0.58eV!' The normalized rate of 

cell degradation·at 60°C would then be 

!__ dn- -192 exp (-0.58eV/8.62xl0-
5

X333) 
n

0 
dt -
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-7 -1 0 = 3.2x10 hr and the time·required for a 10% cell degradation at 60 C 
5 

would be 3.1 x 10 hours or 35 years. This worst case analysis predicts 

that, since no significant cell degradation was observed in this 

experiment, it can be safely assumed that no more than minimal-effects 

would be observed during the 20-year e~ected life of a photovoltaic 

panel containing cells made from impurity-~ontaining silicon. 

3.9.4 Summary 

neither the high temperature aging "studies nor the low temperature 

electrical bias tests reveal major long-term impacts that can be 

attributed to impurity aging effects within a 20-year module lifetim~. 

Rapidly diffusing species like Ag and Cr may degrade cell performance to 

some extent over the projected 20-year module lifetime and should be 

examined in further detail. 

3.10 Evaluation of Experimental Silicon Materials 

Techniques such as precision chemical analysis, impurity-cell 

performance modeling, detailed I-V measurement, and de~p~level spectroscopy, 

which we developed or employed extensively (on thi~ program) provide 

powerful tools to evaluate experimental silicon material~ as they are 

developed, to identify critical impurities which may enter the process 

stream, and to suggest remedial action to the producer. Th~s, one 

activity during the latter part of the program was the evaluation of 

silicon produced by other contractors of the LSA project. As of this 

writing, two such materials were studied -- silicon produced fr9m 

dichlorosilane by Hemlock Semiconductor Corporation and silicon produced 

from silicon tetrachloride by Battelle Laboratories. 

3.10.1 Hemlock Silicon 

Under JPL Contract 955533, Hemloc~ Semiconductor Corporation 

is developing a potentially cheaper, high-purity polycrystalline 
36 

feedstock. In this process, trichlorosilane is chemically redistributed 

to form dichlorosilane (DCS). The DCS subsequently is decomposed to 

silicon by chemical vapor deposition and deposited in the form of a cylindrical rod. 
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The projected advantages of the DCS process over conventional methods 

include high~r conversion efficiencies and deposition rates while using 

less energy and expendable materials. The material is expected to 

resemble semiconductor-grade silicon in form and purity, but at much 

lower cost. 

A bar of DCS silicon from the Hemlock experimental reactor 

was grown into a Czochralski crystal using the same furnace and growth 

conditions previously employed ·throughout this program (Section 3.2.1). 

The ingot is designated W224-HSC/DSC-057 as noted in Table 8 and 

Appendix III. The melt was doped to produce a nominal ingo.t resistivity 

of 1.5 oh~cm, slightly lower than the 4 to 6 oh~cm typical of other 

ingots we have Rtttdied. 

Twenty-five wafers from ingot W224 were fabricated into solar 

cells, along with five 4 oh~cm baseline wafers from ingot Wl98. The 

standard process sequence we use includes an 825°C phosphorus diffusion 

to form an n+p cell. This typically produces uncoated devices with AMl 

conversion efficiencies in the 9 to 10% range (12.7 to 14.3% with 
3 

antireflective coatings) for 4 oh~cm material. 

In the first process run, cells from insot W224 exhibited an 

uncoated efficiency ot Y.!::S + u. 75% ("'12 •. 8% coated) compared to 9.28 + 

0.25% for the baseline devices (the scatter for all the data in this 

run is. higher than we usually .observe and some eVidenee for impairmen~ 

of junction quality was noted). The individual uncoated cell etticiencies 

.for ingot W224 ranged from a high of 10.11% (14.2% coated) to a low of 

7.9% (11.1% coated), although the majority of the cell efficiencies 

clustered around 9%. As expected from the lower resistivity of ingot 

W224, the solar cells made on the DCS material exhibited higher open

circuit voltag~s (average 0.571 mV) than those made on the baseline 

silicon (average 0.556 mV). A second process run produced essentially 

similar I-V parameters. 
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Gold-Ti-Si Schot,tky barrier diodes also were fabricated on 

representative wafers from .ingot W224 to facilitate deep-level transient 

spectroscopy measurement. · No. deep levels were found in the DCS material, in 

keeping with its expected high p,urity and the fact that any metals present 

in the starting material would be segregated during crystal growth. The 
12 

sensitivity of the DLTS method is about 10 trapping centers per cubic 

centimeter at 1.5 ohm-em resistivity. 

In general the.n,. we conclude that the silicon produced by the 

Hemlock Semiconductor dichlorosilane process is comparable in behavior 

to our standard Czochralski material made by trichlorosilane decomposition. 

3.10.2 Battelle Silicon 

Earlier in the program, samples of a fine granular silicon produced 

at the.Battelle ·Memorial Instit~te 37 
urider JPL Contract 933645 were provided 

to us for evalu.ation. The Battelle process utilizes the reduction of silicon 

tetrachloride by zinc by a fluidized~bed technique; as a result, prior 

chemical anaiyses of lot· 3.3'64-38..:.97 (from. which our samples came) had 

established the presence "of about 0.2% Zn in the silicon • 
. . .. 

.. . 

Thus we first fired the materigl at 1290°C, confirming by weight loss 

and x-ray diffraction measurements that most of the Zn was driven off. Since 

the circuit of silicon was limited, web growth, rather than Czochralski pulling. 

was employed to ·get crystals. Silicon web crystals were successfully pulled, 

indicating the silicon's suitability. for cr.ystal growth. 
8 

The web was grown at 

1.6cm/min with a melt undercooling of about 3°C. The change weight was 100 grams 

of silicon to which 2.3xl015 atoms cm-
3 

of boron were added as an intentional 

dopant. The target ·resistivity was nominally 9 n-cm. 

The resulting web crystals had a resistivity of 0.25 ohm-em indicating 

that some p-type impurity (probably zinc) was initally present. Nevertheless, 

the resulting. solar .cells, fabricated from crystal Wl80-l and Wl80-3 had 

efficiencies of 8.9% and 9.0% respectively without AR coating (estimated to be 

12.6% and 12.8% hadAR coatings been applied). Two deep levels, Ev+0.3eV and 

EC-0.55eV, were detected by DLTS, and apparently correspond to reported levels for 

elemental Zn. 

Clearly, efficient solar cells can be made from the Battelle Silicon, but 

reduction of the Zn content would reduce potentially troublesome deep levels and 

also facilitate the crystal-growth process by eliminating evolution of the metal 

into the growth system. 
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4. IMPURITY CORRELATIONS 

In many cases, hard experimental data on impurity behavior in 

silicon are unavailable to project expected impurity segregation or device 

performance. For this reason, guidelines or empirical rules of thumb are 

useful. 

Figure 58 illustrates how the segregation coefficient depends 

both on the bond radius of the various impurities and also on tht! t!lt!c

tronic shell structure of the individual atoms. Such size and valence 
38 

effects have been predicted in semiquantitative fashion by Wieser, who 

based his analysis on the strain and bond-energy effects attending the 

insertion of a foreign atom in the silicon lattice. The segregation data 

presented in·the figure were obtained from the present work supplemented 
39 40 

by information·from Wolf and Trumbore for impurities we did not exam-

ine. The bond radii data are from Pauling. 41 Extrapolation and interpo

lation of the curves between data points provides approximate segregation 

coefficients for cases where no data exist. 

Figure 60 illustrates the dependency of impurity properties·on 

position in the periodic table. The vertical height of the inverted pyramids 

corresponds on a logarithmic scale to :::he value of the degradation threshold 

(N ) for each of the impurities. Thot:e impurities displaying taller pyramids 
ox 

can be tolerated at high concentrations, while only minute concentrations of the 

short ones are tolerable without cell performance loss. The thresholds for 

oxygen and carbon are minimum values representing the highest concentrations 

achieved. The value of N 
OX 

22 -3 
for silicon is shown as 5 x 10 em , its 

theoretical density. The general sloping of the thresholds from upper right 

to lower left indicates a corresponding increase in the effective recombination 

cross sections, which lacks theoretical explanation at this time. This trend 

can be used to estimate the performance degradation to be expected for impurities 

falling at intermediate positions. 
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5. IMPURITY TOLERANCE IN SOLAR GRADES OF SILICON 

To reduce signif:icantl,.y the cost of photovoltaic power, silicon 

much cheaper than now available must be provided for crystal growth and 

subsequent solar cell fabrication. That material, termed Solar Grade 

silicon, may contain contaminants at levels ~igher than is common or ac

ceptable for current semiconductor-grade feedstock. The dominant impacts , 

of these contaminants are device performance degradation and reduced 

crystal-growth yield (via structural breakdown). The degree of accepta

b{lity of a solar-grade feedstock thus depends on the growth technique, 
. . . 1-3 

as_well as the cell fCibrication processes involved. We ~ve identified 

specific tradeoffs between.feedstock purity and the methods used to trans

form the silicon into its end-product solar cells. Using the common 

Czochralski growth technique as an illustration, we review here a method 

for estimating tolerable impurity ranges in silicon. The approach is a 

general one and"has been applied to other crystal production processes as 
. . 3 
.well. 

The data in Table 25 (derived from the updated cell performance 

an.d analytic results in Sections 3.4 and 3.5) illustrate that efficiency 

·de,gradation depends on the impurity species and also that the tolerable 

feedstock impurity level i~ a function of the amount of crystal pulled 

and the melt replenishment strategy adopted. When a relative efficiency 

equal to 90% of the uncontaminated baseline cells (n 0.9 n ) is accept-
a 17 

able, the feedstock impurity con-centration ranges from about 10 to 
20 3 

nearly 10 em- (N 1 to 1000 ppm) for a single-charge Czochralski growth 

operation in which about 90% of the melt is converted to crystal. Ele

ments like Nb, Ti, and V fall at the low end of the tolerable range, Cu 

at the upper end, and Co, Cr, and Fe at· intermediate positions. vfuen 

five melt recharges are employed - a situation probably necessary to 

assure process economy - the tolerable impurity concentrations are reduced 
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Table 25 

TOLERABLE FEEDSTOCK IMPURITY CONCENTRATIONS TO ACHIEVE 
CELL EFFICIENCY 90% OF BASELINE UNCONTAMINATED DEVICES 

One Pull 
Five Sequential . 

Impurity 
Replenishments 

atoms cm- 3 ppma atoms cm- 3 ppma 

Cu 1.0(1020) 2000 2.2(1019 ) 434 

Pd 3.6(1019) 720 7.9(1018) 158 

Ag 1.8(1019 ) 360 4.0(lol8) 80 

Fe 9.3(1018) 186 2. 0 (1018) 40 

w 8.8(10 18) 176 1.9(1018) 38 

Zr < 5.0(1018) < 100 < 1.1(1018) < 22 

Co 4.6(1018) 92 1.0(10 1H) 20 

Mn 3.8(10 18) 76 8.3(1017) 17 

Cr 3.6(1018) 72 7.8(1017) 16 

Ta 1.05(1018) . 21 2.3(1017) 4.6 

Mo 9.6(101 7) 19 2.1(10 17 ) 4.1 

p 5.7(1017) 11.4 1.2(1017) 2.5 

Au 2.0(101 7) 4.0 ~~ .l,(1o16) 0.9 

Nb < 1.4(1017) < 2.8 < 3. 0(1016 ) < 0.61 

Ti 1.3(1017) 2.6 2.8(10 16) 0.56 

v 1.1(1017) 2.2 2.4(1016 ) 0.48 

Al 3.3(1016) 0.7 7.2(1015) 0.15 
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2 
by about a factor of five compared to the single ingot growth case. 

Continuous rather than sequential replenishment is advantageous: toler-. 

able impurity concentrations can be as high as a factor of ten greater 

when continuous replenishment is employed rather than growing an equiva

lent amount of crystal by sequential replenishment (Figure 60). 

If, on the other hand, we set the acceptable cell efficiency 

higher, say 0.95 n
0

, then the values of feedstock impurity concentration 

suggested in Table 25 ,, must be reduced - in ·.this example by a factor of 3 

to 4, depending on the impurity. Fortunately., many of the impurities 

which degrade cell pe~formance most severelY. also have small segregation 

coefficients. For example, when the degradation threshold concentration 

(N ) derived in Secti9n 3.5 is plotted against effective segregation co-
ox 

efficient, Figure 61,. it is apparent that the two paramet~rs are corre-

lated; those impurities which are most damaging to cell performance, i.e., 

that have small values of N , are also most difficult to incorporate 
ox 

0 during the growth of a ~ilicon crystal. Nature in effec~ has provided a 

·helping hand since the feedstock, or melt concentration, of the worst 

impurities can be fai.rly large without significant effect on solar cell 

performance. If, however, keff is large for all impurities, as is prob

ably the case with EFG ribbon growth, then tolerable feedstock impurity 

concentrations like those in Table 25 would be considerably smaller. 

The second major negative impact of impurities, structural 

breakdown during crystal growth, is governed by the total impurity con

tent of the feedstock rather than by the species present. For 

* Czochralski growth,- the critical liquid-impurity content Cf at which 

structural breakdown occurs is given by equation 6 of Section J. 2. 

Here, D is the liquid-diffusion coefficient, m the liquidus slope, r the 

crystal radius (em), and V th~ growth velocity (em/sec). 
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* When the impurity concentration in the liquid exceeds Cl' the 

planar freezing front degenerates to· a cellular morphology entrapping 

second-phase i.nclusions like those pictured in Figures 1 through 6; ingot 

structure transforms from single crystal to arrays of twins and grain 

boundaries. 

By means of equation 6 and the constants given in Section 3.2, we . * . 
computed the values of Cl for a variety of growth velocities and ingot 

diameters likely to be encountered in practice. The calculated and meas

ured critical-breakdown concentrations typically fall in the low- to mid-
20 -3 

10 em (few thousand ppma) range for our experiments (Section 3.2). 

Since these values represent the point at which structural degradation 

initiates, the feedstock concentrations corresponding to one Czochralski 

pull would be about one-tenth these values (N 200 to 500 ppma). For five 

recharges the tolerable levels would be about one-fiftieth of these 

values. 

As ingot sizes and pull rates scale up from the 7.6 em and 

7 em/hr. range common now to 15-cm diameter and 10-cm/hr. rates, the 

impurity concentration at which structural breakdown occurs will also 

diminish as indicated in Table 26. When this happens, breakdown rather 

than cell efficiency will probably set the upper limit on acceptable 

impurity concentrations. 

The analyilb for C:zot:hnh!d gro~·rth i!il only •m PX<!mple. {A 

similar analysis of silicon web growth has been made.
2

) The analysis, 

however, serve·s to show where tradeoffs exist between feedstock purity and 

other processing costs. The data indicate target impurity ranges in which 

solar-grade feedstocks must probably lie if they are to be at all useful: 

for the least harmful impurities, concentrations in the 20- to 100-ppma 

range will be the maximum likely; for others, like Ti and v,· the accept

able levels will be nearly two orders of magnitude less than these if melt 

replenishment is to be employed effectively. Our data indicate that for a 

few impurities, these restrictions might be relaxed somewhat by the choice 

of ann-base rather than p~base device (Section 3.5). This advantage 

probably is outweighed by the difficulty in controlling base-resistivity 
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Table 26 

VARIATION IN CRITICAL-BREAKDOWN CONCENTRATION 
(em- 3) WITH GROl-lTH RATE AND INGOT DIAMETER 

Ingot Diameter (em) 

3.1 7.6 10 . 12.5 . . . . 

7.9 X 1020 4.8(1020 ) 4.1(1020 ) 3.6(1020 ) 

3.2 X 1020 1. 9 (1020 ) 1. 6(1020 ) 1. 3(1020 ) 

2.1 X 1020 * 1. 2 (1020 ) 9.4(10 19) 7 .8(1019 ) 

1.5 X 1020 7.6(10 19 ) 6 .o (10 19 ) 4.8(1019 ) 

Size and pullspeed typical of most test ingots used on this program. 

-
15 

3.2(1020 ) 

1.1(1019 ) 

6.7(10 19 ) 

3.9(1019 ) 

-· 



with phosphorus as the electrically active dopant, due to the large seg

regation coefficient for this impurity. 

By using the same methodologies we have developed for tradeoffs 

analysis, we can also project the efficiency of solar cells when the feed

stock purity and process history are specified. A model of this kind 

described earlier
2 

provides several benefits. For example, it can be used 

to estimate the impact of specific species (in a feedstock containing 

several impurities) on cell efficiency, thus providing a "figure of merit" 

for the product of a given refining scheme. A manufacturer could, for 

example, evaluate alternative refining and design strategies or raw mate

rial specifications in a cost effective manner. Comparison of ~ryRt~l 

p;rowth and replenishwli=fl L ::.; L.t·a L~gi~s can he ev:~ 1 lit~ rPrf for different typss 

of solar grade silicon without recourse to expensive experimental reduc

tion to practice. Finally, with an expanded data base on thermal treat

ment effects, the role of such processes as gettering can be factored into 

the analysis. 
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6. CONCLUSIONS 

The objective of this program has qeen the investigation of the 

effects of impurities, processing, and impurity process interactions on 

terrestrial silicon solar cells. During the investigation, now success

fully finished, we have studied how metallic impurities, both singly and 

in combinations,. impact the performance of silicon solar cells. 

Czochralski, float zone, and polycrystal ingots as well as silicon web 

crystals were grown wi~h controlled additions of secondary impurities. 

The primary electrical. dopants were boron and phosphorous. The metal 

elements were selecte4 because of their occurrence in silicon raw materi

als, possible introduction during subsequent processing, or because they 

were common construction materials for process equipment or the cells 

themselves. The metals included Ag, Au, Al, C, Ca, Cr~ Co, Cu, Fe, Gd, 

Mg, Mn, Nb, Ni, Pd, Sn, Ta, Ti, V, W, Zn, and Zr. Impurity concentrations 
11 18 -3 

were in the range of 10 to 10 em 

All silicon ingots were grown under controlled and carefully 

monitored conditions from high-purity charge and dopant material to mini

mize unintentional contamination. Following growth, each crystal was 

characterized by chemical, microstructural, electrical, and solar cell 

tests to provide a detailed and internally consistent description of the 

relationships between silicon impurity concentration and solar cell per

formance. Analysis of vacuum-cast melt samples provided an accurate de

termination of the melt impurity concentration at the completion of 

crystal growth. Melt concentrations coupled with reliable effective 

segregation coefficients in turn were used to calculate ingot impurity 

concentrations, which were in excellent agreement with the ingot impurity 

concentrations measured directly by spark source mass spectroscopy and 

neutron activation analyses. Deep-level spectroscopy measurements used to 

measure impurity concentrations at levels below detectability of the other 
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techniques· (see Appendix V) also show very good correlation with calcu

lated ingot impurity concentrations. 

Solar cells made using a conventional diffusion process opti

mized for repeatability and reliability were used• to evaluate the impact 

of impurities. For the majority of contaminants, impurity-induced per

formance loss was due to a reduction of the base diffusion- length. From 

these observations, we formulated an analytical model which predicts cell 

performance as a function of metal impurity concentration. The calculated 

performance. parameters agree well with measured values except for the 

impurities Cu, Ni, and Fe, which at high concentrations degrade the cell 

performance substantially by means of junction mechanisms. The model has 

been used successfully to predict the behavior of solar cells bearing as 

many as 11 impurities. The concentration of recombination centers iden

tified by deep-level transient spectroscopy not only correlates directly 

with the concentration of metallurgically added impurity, but also with 

solar cell performance. 

Extension of the impurity performance model to high-efficiency 

solar cells indicates, in general, that such devices will be more sensi

tive to impurities than are their more conventional counterparts. This 

increased impurity sensitivity will be exhibited in widebase cells and 

meditim-base cells with back-surface fields or passivated surfaces, but 

can be significantly. reduced by making cells with narrow (- 100 /..lm) base

widths. 

The effects of impurities in n-base and p-base devices differ 

in degree but can be described by· the same mod~lling analysis. Some of 

the more deleterious impurities in p-base devices produce significantly 

less performance reduction in n-base silicon. For example; nearly ten 

times more Ti is acceptable in n-type silicon to prodUce the same cell 

efficiency as in a similarly contaminated p-base device. 

When the model-calculated and measured cell performance for 

multiple impurities are compared, there is limited indication of interac

tion between impurities. For example, copper improves the efficiency of 
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Ti- and V-doped cells, although the effect is small. Apparently, Cu dif

fuses to and combines with the second transition metal to reduce its elec

trical activity. Precipitated impurities have little or no effect on 

carrier-transport properties in the low-field base region of the solar 

cell, but do affect cell performance when they occur in or n~ar the high

field junction region. 

The major direct impacts of l~ss pure solar-grade material are 

device performance reduction and diminished crystal-growth yields. The 

degree of acceptability of solar-grade feedstock depends on the growth 

technique, melt replenishment strategy, and solar cell processes involved. 

Both the Czochralski and silicon web techniques are somewhat "tolerant" of 

feedstock impurities since most of the contaminants are rejected to the 

melt during growth. The degree of tolerance is species sensitive. Ele

ments like V impair cell efficiency considerably more than do Cu or 

Sn. For example, in a one-pass Czochralski operation, only about 2 ppma 

Ti would be acceptable to produce cells 90% as efficient as baseline 

devices, while nearly 2000 ppm of Cu could be present in the feedstock. 

The higher the efficiency required, the lower must be the impurity concen

tration of the feedstock. Because impurities concentrate in the liquid 

during growth, feedstock contaminants must be several times lower in con

centration than suggested above when melt replenishment is employed. Con

tinuous replenishment has the advantage over the sequential recharge 

method because higher feedstock impurity levels can be tolerated. 

When ingot diameters reach the projected 12- to 15-cm size 

required to produce economically viable photovoltaic systems, structural 

breakdown due to constitutional supercooling of the melt will probably 

control the maximum allowable impurity concentration in polysilicon feed

stock. Breakdown concentrations calculated from theory agree well with 

experimental data; a more extensive data base would be valuable. High 

concentrations of impurities such as Zn, Ph, Ca, Mg, or Na, which evapo

rate at the melting temperature of silicon, probably will not be accept

able in polycrystalline feedstock material because they can contaminate 

crystal growth equipment. 
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We found that the electrical activity of impurities decreases 

due to preci~ltation in the vicinity of the grain boundaries in polycry

stalline material. The magnitude of the reduction is directly related to 

the impurity diffusion coefficient in silicon. More than a ten-fold re

duction in activity occurs for Cr, a rapidly diffusing species, while no 

change in activity occurs for Mo, which diffuses so slowly that few atoms 

reach the grain boundaries during the time it takes an ingot to cool from 

the growth temperature. Ti,and V represent intermediate cases. Within 

the grains, the electrical activity of impurities correlates well with 

that observed in single crystals. 

Thermochemical processing, using HCf or POCf
3 

to getter impuri

ties, can produce absolute efficiency improvements of 1 to 2% in cell 

performance for the longest times and highest temperatures we studied. 

Cu-, Cr-, Fe-, and Ti-doped wafers respond to the gettering treatment 

while Mo-doped silicon does not. Gettering appears to be a diffusion

controlled process in which impurities migrate. to the wafer surface and 

are electrically deactivated, thus raising cell performance. ·During the 

thermal treatment, a concentration profile of the electrically active 

species is formed. Cr, which diffuses rapidly, shows the greatest 

response to getterirtg or .thermal treatment. In contrast., Mo diffuses 

little, even at 1200°C, and no cell performance improvement occurs. Get

tering of impurity-doped polycrystalline silicon produces qualitatively 

similar results, although cell efficiencies remain low due to the presence 

of grain boundaries. 

Solar cells with phosphorous ion-implanted junctions fabricated 

on impurity-doped wafers exhibit lower efficiencies than diffused junction 

cells made from the same wafers. The effect may be due to the lack of 

gettering available during the implant process or because the activation 

anneal sequence is not optimum for impurity~containing base material. 

Of the several impurities subjected to accelerated high

temperature aging, only Cr and Ag show possible aging effects within the 

projected 2-year module lifetimes. Further detailed examination of those 

species' behavior may be warranted. No systematic impurity effects 

172 



attributable to electric field effects up to temperatures as high as 280°C 

were found. A worse-case analysis indicates a 10% depreciation in cell 

efficiency could occur in 35 years for impurities with the smallest acti

va.tion energies. 
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7. PROGRAM STATUS 

All tasks of the program have been successfully completed • 

.. 

~· 
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9. APPENDICES 

Listed in the following appendices are data for all Phase IV 

Ingots (Wl98 to W238). Data for ingots WOOl through Wl97 can be found. 

in reference 3, Volumes 1 and 2. 
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APPENDIX I 

Summary of Phase IV Ingot Electrical and Defect Characteristics 

TGI' ·Actual * Etch 
Ingot Resistivity Resistivity Pit Density 

Identification (ohm-em) (ohm-em) Cte/cm22 

W-197-Ti/V/Mo/Ta/Cu-001 4.0 (B) 4.0-3.4 0-2K 

W-198-00-000 4.0 4.1-3.9 0-3K 

W-199-00-000 4.0 3.7-3.5 l-5K 

W-200-V-004/Poly 4.0 3.6-2.3 NA+++ 

W-201-Mo-007/Poly 4.0 3.8-2.3 NA 

·W-202-Ti-013/Poly 4.0 5.3-3.9 NA 

W-203-V-005/Poly 4.0 4.4-3.8 NA 

W-204-Cr-008/Poly 4.0 4.7-4.3 NA 

W-205-Fe-009/Poly 4.0 4.0-3.2 NA 

W-206-V-006 4.0 3.7-3.6 0-5K 

W-207-Mo-008 4.0 3.8-3.5 0-15K 

W-208-Cr-009 4.0 3.7-3.5 0-15K 

W-209-Ti-014 4.0 4.0-3.3 0-lOK 

W-210-Ti-015 4.0 4.0-3.5 0-5K 

W-211-Cu-007 4.0 4.0-3.1 0-5K 

W-212-Cu-008 4.0 3.9-3.3 5-2 0K 

W-213-Pb-001 4.0 3.3-2.7 10-20K 

W-214-V-007-Poly 4.0 3.8-3.1 NA 
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APPENDIX I (Cont.) 

* TGI' Actual Etch 
Ingot Resistivity Resistivity Pit Density 

Identification (ohm-em) (ohm-em) (II I cmZ) 

W-215-Mo-009-Poly 4.0 3.8-1. 7 NA 

W-216-Cr-010-Poly 4.0 7.6-2.9 NA 

W-217-Ta-005 4.0 3.5-3.0 0,-lOK 

W-218-Ta-006 4.0 3.7-3.2 0-5K 

W-219-V-008 4.0 3.6-3.3 0-5K 

W-220-W-005 4.0 3.7-3.2 o·.2oK 

W-221-Ni-005 ·4.0 3.5-3.1 OK 

W-222-Ag-002 i1 .U 5.8-5. 7 0-:-Gross Lineage 

W-223-Ni-006 4.0 3.6-3.1 0-5K 

W-224-HSC/DCS057 1.0 1.4-1.2 5-201( 

w-225-Mn-009 4.0 5.5-3.5 0-SK 

W-226-Mn-010 4.0 +H+ ++-++ 

W-227-Cr-011-nol/ 4.0 3.9-3.5 NA 

W-228·-Gd-001 4.0 5.4-5.1 0-Gross Lineage 

W-229-Au-001 4.0 4. 3-4.2 0-30K 

W-230-Al-003 1.5 1.5-0.5 0-20K 

W-231-Mn-01~-Poly 4.o 4.4-3.1 NA 

W-232-N/Ti-001 ~0 • 31-23 0-20K 

W- 23 3·~Cr-012 4.0 4.1-3.7 o .... sK 

W-234-Mo-010 4.0 4.1-::i.8 0-5K 

W-235-'N/V-001 30 33.5-23.0 0-SK 

W-236-N/Mo-001 30 34.4-28.3 0-20K 

W-237-Cr-001 30 24.0-17.4 0-5K 

W-238-Mn-001 30 50-23 0-5K 

* The first figure is etch pit density of the seed; second figure etch pit 
density of extreme tang end of ingot. The first value shown is indicative of 
dislocation density in slices used for cell fabrication. Structural degradation 
commonly occurs at the tang end of the most heavily doped ingots due to 
constitutional supercooling. 
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APPENDIX II 

Ingot Carbon and Oxygen Concentrations of Selected Phas·e IV Ingots 
. 

Carbon Oxygen 
Ingot Concentration Conc·en tra tion 

Identification (Xl016 atoms/cm3) (Xlol6 ·atoms/cm3) 

w-175-w:...oo3 10 158 

W-177-N/Cr/Mn-001 8 150 

* W -179-Ph-006 *** *** 
W-181-Cr-006 8 119 

W-183-Nb-002 6 35 

W-185-c;u/Ti-004 5 39 

W-187-Co/-004 20 164 

W-189-Nb-003 13 138 

W-191-Cu/Ta-001 12 \110 

W-193-Sn-001 9.4 200 

W-195-Ti/V/Mo-001 32 110 

W-197-Ti/V/Mo/Ta/Cu-001 15 130 

W-201-Mo-007-Poly 7.0 61 

W-203-V-005-Poly 12 59 

W-205-Fe-009-Poly 8.0 34 

W-207-Mo-008 5.4 43 

W-209-Ti-014 6.4 61 

W-211-Cu-007 6.0 57 

W-213-Pb-001 8.0 57 

W-215-Mo-009-Poly 10.0 56 

W-217-Ta-005 12.0 50. 

W-219-V-008 25.0 43 

W-22l=Ni-005 10.0 53 

W-223-Ni-006 20.0 77 

W-225-Mn-009 4.0 58 

W-227-Cr-011-Poly 16.0 82 

W-229-Au-001 7.3 80 

W-231-Mn-011-Poly 13.0 38 

w.;...2JJ-cr-Ol2 9.0 45 

** -235-N/V-001 w 12.0 50 

** w -237-Cr-001 8.0 55 

* Low-resisitivity ingot 

** High~resistivity ingot 
. . 

*** Due to free carrier-absorption, ·inf~ar_ed _methods cannot be used 
for carbon and oxygen determination in this· sample. 
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APPENDIX III 

Ingot Impurity Concentration for Phase IV Ingots 

Target Calculated Measured 
Ingot Concentration Concentration Concentration 

Identification .lbl5atoms/cm3 lol5ato1ils/ cm3·- 1Q15atoms/cm3 

W-198-00-000 None N/A None 

W-199-00-000 None N/A None 

W-200-V-004-Poly 0.4 0.38 18.5
8 

W-201-Mo-007-Poly 0.005 0.003 778 

W-202-Ti-013-Poly 0.02 0.018 <0.25 

W-203-V-005-Poly 0.04 0.053 <0.15 

W-204-Cr-008-Poly 1.0 0.82 1322
8 

W-205-Fe-009-Poly 0.5 0.61 <1.5 

W-206-V-006 0.02 0.026 <0'.15 

W-207-Mo-008 0.002 0.002 <0.5 

w..,208-cr-009 0.2 0.19 0.6 

W-209-Ti-014 0.02 0.024 <0.25 

W-210-Ti-015 0.08 0.10 <0.25 

W-211-Cu-007 1.0 1.0 2.6 

W-212-Cu-008 10 12.5 27 

W-213-Pb-001 Max. Cone .• Non Detectable <0.10 
X 

W-214-V-007-Poly 0.20 0.30 o.55t 

W-215-Mo-009-Poly 0.0025 0.002 <0.5 
t 

W-216-Cr-010-Poly 1.1 0.64 2.2t 

W-217-Ta-005 0.00015 0.0003 <0.5 

W-218-Ta-006 0.000065 0.0001 <0.5 

W-219-V-008 0.007 0.009 <0.15 

W-220-W-005 0.0008 0.0007 <0.15 
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APPENDIX III (Cont. 

Target Calculated Measured 
Ingot Concentration Concentration Concentration 

Identification 1015atoms/ cm3 1ol~ atomslcm3 1olS atoms/ cm3 

W-221-Ni-005 10 8.2 <1.5 

W-222-Ag-002 4.5 3.2 6.0 

W-223-Ni-006 1.0 1.1 <1.5 

W-224-HSC/DCS057 NAY None <0.2y 

W-225-Mn-009 1.0 1.5 5.5 

W-226-Mn-010 4.0 u u 

W-227-Cr-011-Poly 0.55 0.43 2.2 

W-228-Gd-001 < 0.2 I IIIII <0.2 ( <0 .07) 

W-229~Au-001 0.6 0.6 0.55 

W-230-Al-003 120 64 120 

W-231-Mn-011 0.25 0.23 o. 75 

W-232-N/Ti-001 0.02 0.01 <0.25v 

W-233-Cr-012 0.11 0.12 0.2 

W-23-Mo-010 0.0007 0.00051 <0.5 

W-235-N/V-001 0.006 0.008 <0.15v 

W-236-N/Mo-001 0.003 0.002 <O.SV 
-++ W-237-Cr-001 · 0.02 0.017 <0· •. 15v 

. -++ 
W-238-Mn-001 0.80 1.0 3.5 

++ 30 oh~cm p-type ingot. 

+ Value in parenthesis based on Neutron Activation Analysis. Value 
without parentheses based on SSMS. 

v 

s Ingots contain metal-rich inclusions due to constitutional supercooling. 

t Ingots regrown to remove metal-rich inclusions due to constitutional 
supercooling. 

x Pb dopant vaporized on t:wo separate ingot growths. 

y No intentional impurity, 

u Single growth prohibited due to excessive impurity doping for 
permanence studies. 

### Atomic absorption analysis of ingot melt sample showed 2.8% Gd by 
weight of sample. 

v High-resistivity ingot, 30 oh~cm. 
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APPENDIX IV 

Solar Cell I~V Characteristics of Phase IV Ingots 

More than 11,000 devices have been evaluated during the 

program. The large amount of data gathered has necessitated the use of 

a computer for data storage, reduction, and analysis. A data base system 

was developed which contains the measured cell data and ingot analysis 

along with necessary sample and run identifler~. Sufficient coding is 

provided to permit addressing data by content ·or by location. An 

editing program also was developed so data can be modified, correc~ed, 

or edited. 
3 

Data sheets for each Phase IV impurity-doped ingot have been 

printed from the data base and are tabulated in the following pages. 

Data for ingots WOOl to Wl97, Phases I to III, appear in Table 16 in 

reference 3, volume 1. 
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SOL17 6 /19/81 

00220 W198 AND W199 BASELINES W133 00 000 
SOL17 6 /19/81 AH1: p 0 = 9 1 • 6 0 t1 w I c M ... 2 NO AR COATING 

ID ISC voc IP LOG(IO) N R , FF Eff OCD PCDa PC Db 

2R* 21.90 .563 19.91 -6.780 1. 84 -.74 .748 9.75 .oo .oo .oo 
1B 22.20 .559 20.39 -7.620 1. 56 -.00 .7.51 9.86 3.64 .oo .oo 
2B 22.40 .5.63 20.88 -8.821 1.31 .09-.777 10.36 4.55 .oo .bo 
3B 22.60 .561 21.06 -8.768 1. 32 .os .777 10.42 4.55 .oo .oo 
4B 22.70 .562 21.08 -8.512 1. 37 .12 .770 10.38 4.55 .oo .oo 
SB 22.60 .560 21.05 -8.755 1. 32 .05 .777 10.40 4.55 .oo .oo 
6B 22.90 .561 21.07 -7.648 1. 56 -.19 .759 10.31 4.56 .oo .oo 
1981 22.70 .558 20.93 -7.848 1.50 -.06 .759 10.17 3.64 .oo .oo 
1982 23.00 .558 21.22 -7.890 1. 49 -.OS .760 10.32 4.29 .oo .oo 
1983 22.90 .560 21.12 -7.858 1. so - .·o9 .761 10.32 4.94 .oo .oo 
1984 22.50 .556 20.87 -8.361 1.38 .os .768 10.17 . 4 ~ 16 .oo .oo 
1985 22.50 .556 20.95 -8.765 1.30 .12 .775 10.25 4.55 .oo .oo 
1991 22.50 .557 20.63 -7.362 1. 63 -.40 .757 10.04 " 3. 2 5 .oo .oo 
1992 22.30 .561 20.81 -8.930 ~.29 .os .781 10.33 4.60 .oo .oo 
19 93 22.40 .559 20.69 -7.949 1.48 -.15 .765 10.13 4.42 .oo .oo 
1994 22.60 .559" 20.87 -7.966 1. 48 -.10 .764 10~21 4.16 .oo .oo 
1995 22.60 .561 20.97 -8.356 1. 40 -.03 .771 10.34 4.16 .oo .oo 

AVERAGES: 00220 BASELINE W133 00 000 
22.57 .561 20.92 -8.354 1.41 .02 .768 10.29 4.40 .oo .oo 

STD .22 .001 .25 .518 • 1 1 .10 .010 .20 .34 * * 
00220 W198 AND W199 BASELINEs· 

22.60 .559 2 0. 91 -8.128 1.45 -.07 .766 10.23 4.22 .oo .oo 
STD .21 .002 • 1 7 .448 .10 .14 .007 .10 .46 * * 

PERCENT OF BASELINE 
100.1 99.6 99.9 102.7 103 ***** 9 9. 7 99.4 95.8 ***** ***** 

STD% 1.9 • 5 2.0 11.7. 16 ***** 2.3 2.9 18.6 ***** ***** 
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00417 W202TI013 POLY W198 00 000 
SOL17 6 /19/81 AH1: P0=91.60MW/CM"2 NO AR COATING 

ID ISC voc IP LOG(IO) N R FF Eff OCD PCDa PCDb 

2R* 21.90 .sss 19.91 -6.839 1. 7 9 -.54 .744 9.56 .oo .oo .oo 
1B 22.10 .552 20.69 -9.433 1. 19 .37 .779 10.05 4.55 .oo .oo 
2B 22.10 .sso 20.32 -7.647 1. 53 -. 14 .756 9.72 4.55 .oo .oo 
3B 21.80 .548 20.13 -7.975 1. 45 -.OS .762 9.63 3.90 .oo .oo 
4B 21.90 .546 19.80 -6.497 1. 89 -.79 .740 9.35 3.25 .oo .oo 
SB 21.60 .sso 19.93 -7.937 1. 46 -.06 .761 9.56 4.16 .oo .oo 
1C 15.30 .488 13.72 -6.703 1. 6 7 .45 .705 5.56 .46 .oo .oo 
2C 15.40 .488 13.81 -6.706 1. 6 7 .so .703 5.59 .52 .oo .oo 
3C 15.20 .484 13.54 -6.400 1.76 .26 .697 5.43 .52 .oo .oo 
4C 15.10 .485 13.51 -6.533 1. 7 2 .22 .704 5.45 .39 .oo .oo 
sc 15.40 .484 13.59 -6.090 1. 89 .36 .682 5.37 .39 .oo .oo 
6C 15.60 .482 13.82 -6.222 1.82 .43 .686 5.45 .39 .oo .oo 
7C 16.00 ·'' ~ 9 .L 4 I 32 -6.'i'il4 1 • 7 1. .10 .703 .J.82 .!:i2 .QO .uu 
8C 15.10 .481 13.43 -6.298 1. 7 9 • 13 .696 5.35 .52 .oo .oo 
9C 15.40 .486 13.75 -6.513 1. 7 3 .38 .699 5.53 .52 .oo .oo 
10C 15.40 .483 13.77 -6.646 1. 6 7 .64 .697 5.49 .52 .oo .oo 
1S 15.30 .504 13.57 -6.764 1. 70 2. 21 .664 5.42 .52 .oo .oo 
2S 15.10 .485 13.54 -6.729 1. 65 .54 .703 5.44 .40 .oo .oo 
3S 15.60 .489 13.96 -6.493 1.74 .06 .707 5.70 .65 .oo .oo 
4S 15.40 .485 13.61 -6.056 1. 91 -.oo .689 5.44 .52 .oo .oo 
ss 15.30 .483 13.59 -6.271 l. 81 • 21 .693 5.42 .52 .oo .oo 
6S 15.60 .484 13.76 -6.006 1. 93 .07 .685 5.47 .39 .oo .oo 
1T 15.20 .489 13.52 -6.224 1. 85 -.17 .701 5.51 .52 .oo .oo 
2T 15.40 .488 13.68 -6.235 1. 84 .08 .695 5.52 .52 .oo .oo 
3T 15.50 .487 13.75 -6.244 1. 83 .26 .691 5.52 .39 .oo .oo 
4T 15.40 .478 13.12 -4.959 :l. • .)4 -1.01 .651 5.07 .39 .oo .oo 
5T 15.50 .487 13.58 -5.692 2. 10 -.44 .682 5.45 .52 .oo .oo 

AVERAGES: 00417 BASELINE W198 00 000 
21.90 .549 20. 17 -7.898 1. so -. 13 .760 9.66 4.08 .oo .oo 

STD .19 .002 .31 .937 .22 .37 .013 .23 .• 48 * * 
00417 W202TI013 POLY 

15.39 .486 13.66 -6.302 1.83 .26 .692 5.48 .48 .oo .oo 
STD .20 .oos .22 .• 404 • 1 9 .56 .013 .14 .07 * * 

PERCENT OF BASELINE 
70.3 88.5 67.7 120.2 121 394.6 91. 1· 56.7 11.8 ***** ***** 

STD% 1.6 1.2 2.2 15.2 33 ***** 3.3 2.8 3.3 ***** ***** 

186 



004I8 W203V005 POLY WI98 00 000 
SOLI7 6 /19/8I AUI: P0=9I.60UW/CM"'2 NO AR COATING 

ID ISC voc IP LOG(IO) N R FF Eff OCD PCDa PC Db 

2R* 2I.90 .552 I9.70 -6.I88 2.04 -I.I2 .737 9.43 .oo .oo .oo 
IB 2I.50 .547 I9.57 -6.999 1. 7I -.33 .742 9.23 3.90 .oo .oo 
2B 2I.60 .547 I9.94 -8.008 1.44 .03 .760 9.50 3.90 .oo .oo 
3B 2I.60 .547 I9.9I -7.9I5 1.46 .05 .757 9.46 3.64 .oo ~00 

4B 22.00 .547 20.07 -7.I43 I.67 -.24 .745 9.48 3.90 .oo .oo 
IC I 7. I 0 .495 I5.27 -6.3I4 1.82 -.I7 .707 6.33 .52 .oo .oo 
2C I7.IO .495 I5.25 -6.298 1. 82 -.OI .702 6.28 .52 .oo .oo 
3C I7.IO .495 I5.25 -6.298 1. 82 -.OI • 702 . 6.28 .65 .oo .oo 
4C I7.20 .498 I5.4I -6.436 I.78 -.20 .7I3 6.46 .65 .oo .oo 
5C I7.60 .496 I5.74 -6.495 I.75 • 3 I .70I 6.47 .52 .oo .oo 
6C I7.40 .495 I5.48 -6.22I 1.85 -.03 .700 6.37 .52 .oo .oo 
7C I7.30 .496 I5.50 -6.443 I.77 -.I3 .7I2 6.46 .52 .oo .oo 
8C I7.30 .49I I5.43 -6.287 I.8I -.06 .703 6.32 .52 .oo .oo 
9C I7.30 .495 I5.52 -6.490 I.75 -.I7 .7I4 6.47 .52 .oo .oo 
IOC I7.30 .490 I5 .·48 -6.424 I.76 -.OI .707 6.34 .52 .oo .oo 
IIC I7.40 .495 I5.77 -7.080 I.55 .26 .724 6.59 .52 .oo .oo 
IS I7.50 .493 I5~54 -5.956 I.96 -.77 .708 6.46 .52 .oo .oo 
28 I7.20 .49I I5.39 -6.406 I. 7 7 -.08 .709 6.33 .52 .oo .oo 
38 I7.IO .493 I5.34 -6.5I2 I.74 -.05 .7I2 6.35 .52 .oo .oo 
48 I7. 50 .493 I5.46 -6.0IO I.94 .08 .687 6.27 .52 .oo .oo 
58 I7.20 .489 I5.I5 -5.787 2.03 -.47 .69I 6.I5 .52 .oo .. oo 
68 I7.40 .490 I5.35 -5.8I5 2.02 -.52 .694 6.26 .52 .oo .oo 
IT I7.50 .497 I5.62 -6.243 I.85 -.33 .709 6.52 .52 .oo • 00 
2T -I7.40 .496 I5.66 -6.665 I •. 6 9 .02 .7I6 6.53 .52 .oo .oo 
3T I7.40 .495 I5.40 -5.966 1. 97 -.30 .696 6.34 .52 .oo .oo 
4T I7.40 .49I I5.44 -6.029 1. 92 -.37 .700 6.33 .52 .oo .oo 
5T I7.20 .493 I5.37 -6.373 I.79 -.04 .706 6.33 .52 .oo .oo 
6T I7.50 .493 I5.63 -6.304 I. 8I -.23 .709 6.47 .52 .oo .oo 

AVERAGES: 004I8 BASELINE WI98 00 000 
21.68 .547 I9.87 -7.5I6 1.57 -.I2 .75I 9.42 3.84 • 00 .oo 

STD .I9 .ooo • I8 .449 .12 .17 .008 • 11 • 1 1 * * 
00418 W203V005 POLY 

17.32 .494 15.45 -6.298 1.82 -.14 .705 6.38 .53 .oo .oo 
STD 0 15 .002 .16 .282 .11 .24 .008 .10 .04 * * 

PERCENT OF BASELINE 
79.9 90.3 77.8 116.2 116 85.3 93.9 67.8 13.9 ***** ***** 

STD% 1.4 .4 1.5 9.0 16 606.2 2.1 1.9 1.4 ***** ***** 
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00930 W205FE009 (5El4) Wl99 00 000 
SOL18 6 /19/81 AMI: P0=91.60l1W/CM"'2 NO AR COATING 

ID ISC voc IP LOG(IO) N R FF Eff OCD PCDa PCDb 

3R* 2 2.10 .546 19.62 -5.701 2.25 -1.15 .716 9.14 .oo .oo .oo 
lB.* 21.40 .543 18.69 -5.108 2.64 -1.95 .704 8.65 2.34 .oo .oo 
2B.* 21.30 .541 18.65 -5.123 2.62 -2.17 • 7 1 1 8.67 2.86 .oo .oo 
3B.* 21.70 .538 18.87 -5.026 2.67 -1.75 .694 8.57 2.21 .oo .oo 
4B.* 21.70 .538 18.26 -4.236 3.49 -3.06 .667 8.24 2.08 .oo .oo 
5B* 21.40 .525 17.91 -4.334 3.29 -1.92 .644 7.65 1.04 .oo .oo 
3C 17.50 .476 14.59 -4.577 2.82 -.77 .623 5.49 .24 .oo .oo 
4C 18 •. 00 .494 15.30 -4.786 2.71 -1.29 • 654 . 6.15 .40 .oo .oo 
5C* 16.00 .385 9.67 -10.590 .73 17.49 .311 2.03 .09 .oo .oo 
6C i6.80 .477 14.44 -5.201 2. 33 -.40 .656 5.56 .11 .oo .00 
7C 18.00 .490 15.14 -4.538 2.93 -1.76 .646 6.03 .30 .oo .oo 
8C 16.80 .487 14.90 -6.030 1. 91 -.33 .699 6. 0 5_ ,40 .00 .oo 
10C* 15 .. 70 .442 13.86 -8.001 1 • 1 9 5. 11 .609 4.41 • 1 J .oo .oo 
lS i7.00 .486 14.77 -5.303 2.30 -1.06 .680 5.94 .30 .oo .oo 
2S 16.90 .479 14.43 -4.984 2.49 -.84 .653 5.59 .30 .oo .oo 
3S 17.50 .490 15.08 -5.050 2.49 -1.32 .672 6.09 .30 .oo .oo 
4S 17.10 .484 14.68 -5.047 2.46 -1.03 .663 5.80 .26 .oo .oo 
5S 18.00 .490 15.51 -5.088 2.45 -1.07 .669 6.24 .30 .oo .oo 
6S 18.40 .496 15.54 -4.569 2.92 -1.89 .654 6.31 .so .oo .oo 

AVERAGES: 00930 BASELINE Wl99 00 000 
NO BAS ET, INE 

00930 W205FE009 (5El4) 
17.45 .486 14.94 -5.016 2.53 -1.07 .661 5.93 .13 .00 .00 

STD .55 .006 .38 .407 .29 .47 .019 .27 .07 * * 
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00422 W206V006 Wl98 00 000 
SOL17 6 /19/81 AM!: P0=91. 60~~W/CM"'2 NO AR COATING 

ID ISC voc IP LOG{IO) N R FF Eff OCD PCDa PC Db 

2R* 2 i. 90 .554 20.04 -7.275 1.65 -.34 .752 9.65 .oo .oo .oo 
lB 21.70 .549 19.67 -6.647 1. 84 -.69 .742 9.35 3.64 .oo .oo 
2B 21.40 .546 19.26 -6.304 1. 97 -.83 .732 9.05 3.00 .oo .oo 
3B.* 21.40 .546 19.05 -5.791 2.21 -1.24 .722 8.92 2.86 .oo .oo 
4B 21.40 .548 19.40 -6.627 1.85 -.80 .744 9.23 3.12 .oo .oo 
SB 21.50 .545 19.32 -6.181 2.02 -1.03 .734 9.09 3.00 .oo .oo 
!C.* 18.00 .503 15.09 -4.254 3.35 -3.56 .664 6.35 .39 .ob .oo 
2C 18.00 .502 15.45 -4.856 2.70 -1.91 .675 6.45 .39 .oo .oo 
3C 18.30 .507 16.02 -5.326 2.36 -1.60 .699 6.86 .39 .oo .oo 
4C 18.10 .504 15.87 -5.450 2.27 -1.25 .696 6.72 .39 •. 00 .oo 
sc 18.60 .510 16.58 -6.004 1. 99 -.95 .718 7.20 .40 .oo .oo 
6C 18.30 .506 16.33 -6.087 1. 94 -.80 .717 7.02 .40" .ob .oo 
7C 18.10 .503 15.95 -5.655 2.15 -.96 .700 6.74 • 40 . .oo .oo 
8c 18.60 .506 16.54 -5.921 2.02. -.92 •. 713 7.10 .40 .oo .oo 
9C 18.50 .508 16~59 -6.239 1. 88 -.82 .725 7.20 .50 .oo .oo 
lOC 18.80 .507 16.70 -5.874 2.04 -.97 .713 7.19 .40 .oo .oo 
1S 19.20 .516 1 7. 19 -6.157 1.94 -.84 .723 7.57 .65 .oo .oo 
2S 19.00 .513 17.22 -6.761 1.70 -.56 .738 7. 61 .52 .oo .oo 
3S 18.90 .508 16.60 -5.495 2.25 -1.14 .698 7.09 .40 .oo .oo 
4S 18.60 .509 16.64 -6.171 1. 91 -.77 .720 7.21 .40 .oo .oo 
ss 18.50 .500 15.71 -4.740 2.78 -1.37 .654 6.40 .40 .oo .oo 
6S 18.30 .502 16.04 -5.441 2.26 -1.22 .696 6.76 .40 .oo .oo 
lT 18.70 .512 16.79 -6.306 1.87 -.79 .727 7.36 .52 .oo .'oo 
2T 18.50 .507 16.42 -5.867 2.05 -.87 .709 7.03 .39 .oo .oo 
3T 20.10 .515 17.46 -5.118 2.51 .-1.42 .687 7.52 .so .oo .oo 
4T 18.80 .510 16.98 -6.641 1.73 -.45 .731 7.41 .52 .oo .oo 
ST 18.90 .509 16.90 -6.193 1.90 -.62 .718 7.30 .52 .oo .oo 
6T 18.70 .502 16.16 -5.050 2.52 -1.43 .679 6.74 .39 .oo .oo 

AVERAGES: 00422 BASELINE Wl98 00 000 
21.50 .547 19.41 -6.440 1. 92 -.84 .738 9.18 3.19 .oo .oo 

sto .12 .002 .16 .202 .08 0 12 .005 .12 .26 * * 
00422 W206V006 

18.64 .507 16.48 -5.779 2.13 -1.03 .706 7.07 .44 .oo .oo 
STD .45 .004 .51 .547 .3U .36 .020 .34 .07 * * 

PERCENT OF BASELINE 
86.7 92.8 84.9 110.3 111 76.4 95.7 77.0 13.9 ***** ***** 

STD% 2.6 1.0 3.3 11.6 20 67.1 3.4 4.7 3.5 ***** ***** 
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00423 W207H0008 W198 00 000 
SOL17 6 /19/81 AU1: P0=91.60t1W/Cl1"'2 NO AR COATING 

ID ISC voc IP LOG(IO) N R FF Eff OCD PCDa PCDb 

2R* 21.90 .556 19.84 -6.586 1. 89 -.79 .743 9.56 .oo .oo .oo 
1B 22.70 .550 20.72 -7.236 1.64 .oo .740 9.77 3.64 .oo .oo 
2B 22.10 .552 20.45 -8.214 1.41 • 10 .763 9.84 3.90 .oo .oo 
3B 22.80 .552 20.92 -7.449 1. 59 -.23 .754 10.04 4.29 .oo .oo 
4B 22.50 .552 20.51 -7.166 1.67 -.02 .738 9.70 3.64 .oo .oo 
1C 19.90 .524 17.70 -5.938 2.07 -.73 .711 7.84 .65 .oo .oo 
2C 19.80 .525 17.97 -7.065 1.64 • 1 7 .727 8.00 .65 .oo .oo 
3C 19.80 .524 17.77 -6.280 1. 91 -.68 .724 7.95 .78 .oo .. oo 
4C 20.20 .516 17.4 8 -5.055 2.56 -1.33 • 680 7.50 .40 .oo .oo 
5C 19.90 .519 17.52 -5.561 2.25 -1.01 .700 7.65 .65 .oo .oo 
6C 19.90 .518 17.59 -5.740 2.14 -.71 .701 7.64 .55 .oo .oo 
7C 20.30 .522 18.08 ~5.948 2.05 -.83 .715 8.01 .78 .oo .oo 
HC 20.40 .523 1H.O/ -5.b75 2.1~ -1. 1/ ./12 H.03 .7H .uo .ou 
9C 20.20 .523 17.98 -5.905 2.08 -.92 .716 8.00 .78 .oo .oo 
lS 20.50 .523 18.02 -5.436 2.33 -1.25 .702 7.96 .65 .oo .oo 
2S 20.7 0 .525 18.50 -6.009 2.03 -.96 .723 8.31 .so .oo .oo 
35 20.70 .525 18.68 :-6.497 1.82 -.64 .733 8.43 .78 .oo .oo 
4S 20.60 .526 18.65 -6.663 1. 77 -.56 .737 8.44 .91 .oo .oo 
55 20.50 .523 18.37 -6.108 1. 98 -1.01 .728 8.26 .78 .oo .oo 
lT 20.20 .523 18.20 -6.387 1.86 -.80 .733 8.19 .78 .oo .oo 
2T 20.10 .520 17.90 -5.900 2.07 -1.02 .718 7.94 .65 .oo .oo 
3T 20.20 .520 17.97 -5.881 2.08 -.92 .715 7.94 .65 .oo .oo 
4T 20.40 .521 18.31 -6.315 1.88 -.54 .723 8.12 .6.5 .oo .oo 
5T 20.20 .518 17.40 -4.883 2.71 -1.69 .678 7. 51 .52 .oo .oo 

AVERAGES: 00423 BASEJ,.INE Wl98 00 000 
22.53 .552 20.65 -7.516 1.58 -.04 .7 49 9.84 3.87 .oo .oo 

STD .27 .001 .18 .416 .10 .12 .010 .13 .27 * * 
00423 W207M0008 

20.24 .522 18.01 -5.960 2. 07 . -.87 .715 7.98 .69 .00 .oo 
STD .28 .003 .37 • 513 .25 .37 .016 .27 .12 * * 

PERCENT OF BASELINE 
89.8 94.7 87.2 120.7 132 ***** 95.4 81.2 17.9 ***** ***** 

STD% 2.3 • 7 2.6 11.6 26 ***** 3.5 3.8 4.5 ***** ***** 
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00424 W208CR009 (6El4) w 19 8 00 0,00 
SOL17 6 /19/81 AHl: P0=91.60~.fW/Cl1"'2 NO AR COATING 

ID ISC voc IP LOG(IQ) N R FF Eff OCD PCDa PC Db 

2R* 21.90 .553 19.93 -6.937 1. 7 5 -.46 .745 9.54 .oo .oo .oo 
lB 22.00 .553 20.40 -8.301 1. 39 -.03 .770 9.90 4.29 .oo .oo 
2B 21.9 0 .553 20.25 -8.134 1. 43 .02 .764 9.78 4.03 .oo .oo 
3B.* 22.10 .546 19.38 -5.254 2.53 -1.60 • 7 05 9.00 3.00 .oo .oo 
lC 2 0.10 .530 17.53 -5.126 2.58 -1.89 .700 7.88 .78 .oo .oo 
2C 19.80 .528 17.48 -5.496 2.33 -1.63 .714 7.89 .78 .oo .oo 
3C 20.60 .541 18.78 -7.022 1. 69 -.55 .749 8.83 1. 70 .oo .oo 
4C 19.70 .525 17.41 -5.645 2.23 -1.17 .708 7.75 .78 .oo .oo 
5C 20.90 .529 17.78 -4.495 3.14 -2.56 .674 7.89 .91 .oo .oo 
6C 20 • .70 .532 17.64 -4.523 3.13 -2.65 .678 7.90 .78 .oo .oo 
7C 20.30 .532 17.95 -5.535 2. 31 -1.59 .716 8.18 1.10 .oo .oo 
8C 20.20 .538 18.33 -6.711 1. 79 - •. 82 .746 8.57 !.. 43 .oo .oo 
9C 19.90 .466 15.64 -3.987 3.40 • 1 7 .552 5.41 .20 .oo .oo 
lS 19.80 .527 17.02 -4. 73'3 2.91 -2.45 .686 7.57 .78 .oo .oo 
2S 20.70 .539 18.60 -6.253 1. 97 -.85 .730 8.61 1.43 .oo .oo 
3S 19.70 .525 17.54 -5.988 2.05 -.75 .713 7.80 .65 .oo .oo 
4S 19.80 .529 17. 7 6 -6.123 2.00 -1.15 .731 8.10 • 91 .oo .oo 
IT 20.60 .539 18.52 -6.269 1. 96 -.87 .731 8.58 1.30 .oo .oo 
2T 20.00 .532 18.06 -6.509 1.85 -.76 .736 8.28 .91 .oo .oo 
3T 20.70 .536 18.25 -5.516 2.34 -1.26 .706 8.29 1.04 .oo .oo 
4T 20.30 .533 18.09 -5.934 2.10 -. 94 .717 8.21 1. 04 .oo .oo 
5T 20.30 .532 18.47 -6.988 1. 68 -.39 .743 8.48 1. 04 .oo .oo 

AVERAGES: 00424 BASELINE Wl98 00 000 
21.95 .553 20.33 -8.218 1. 41 -.01 .767 9.84 4.16 .oo .oo 

STD .05 .ooo .07 .084 .02 •. 03 .003 .06 .13 * * 
00424 W208CR009 (6El4) 

20.23 .529 17.83 -5.714 2.30 -1.23 .707 8.01 .98 .oo .oo 
STD .39 .016 .70 .855 .51 .75 .043 .72 .33 * * 

PERCENT OF BASELINE 
92.2 95.6 87.7 130.5 163 ***** 92.2 81.4 23.5 ***** ***** 

STD% 2.0 2.9 3.8 11.2 39 ***** 6.0 7.8 9.0 ***** ***** 
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005.13 W209TI014 (2.SE14) \H98 00 000 
SOL17 6 /19/81 Alll: P0=91.60UW/Clt"2 NO AR COATING 

ID ISC voc IP · LOG(IO) N R FF Eff OCD PCDa PCDb 

2R* 21.90 .554 19.67 -6.137 2.07 -1.07 .733 9.41 .oo .oo .oo 
lB.* 22.20 .545 19.75 -5.965 2.11 -.so .708 9.06 3.25 .oo .oo 
2B* 22.80 .549 19.20 -4.545 3.16 -1.06 .641 8.48 3.12 .oo .oo 
3B 22.70 .547 21.01 -8.391 1. 35 .45 .755 9.91 3.64 .oo .oo 
4B 22.90 .552 21.34 -9.080 1.24 .62 .763 10.21 4.55 .oo .oo 
SB 22.80 .546 20.63 -6.653 1. 82 -.36 .733 9.65 3.12 .oo .oo 
lC 16.00 .498 13.87 -5.382 2.32 :-.61 .670 5.65 .21 .oo .oo 
2C 16.30 .488 13.95 -5.120 2.45 -.45 .651 5.48 .26 .oo .oo 
3C 16.50 .497 14.25 -5.295 2.36 -.49 .663 5.75 .33 .oo .oo 
4C 15.90 .493 13.02 -4.512 3 .03. .03 .594 .4. 93 .26 .oo .oo 
sc 16.20 .485 13.76 -4.962 2. 55. -.52 .642 5.33 .20 .oo .oo 
6C ] 6. 10 .494 1'' .04 -5.580 2.16 -~27 .673 .s.fln . :n .oo .00 
7C 15.70 .495 13.73 -5.587 2.19 -.65 .682 5.60 1.56 .oo .oo 
8C 16.40 .493 14.22 -5.497 2.22 .oo .662 5.66 .26 .oo .oo 
9C 16.40 .500 14.65 -6.518 1. 76 .41 .699 6.06 .30 .oo .00 
lOC 16.40 .494 14 .• 2 3 -5.425 2.27 -.40 .668 5.73 .27 .oo .oo 
12C 16.10 .491 13.99 -5.571 2.17 .04 .665 5.56 .26 .oo .oo 
lS 15.80 .498 13.69 -5.311 2.37 -.99 .674 5.61 .26 .oo .oo 
2S 15.80 .501 14.19 -6.887 1.65 .89 .700 5.86 .26 .oo .oo 
3S . 15.60 .499 13.99 -6.688 1. 7 1 .42 .705 5.80 .30 .oo .oo 
4S 16.10 .494 13.66 -4.747 2.79 -1.79 .655 5.51 .20 .oo .oo 
5S 16.30 .503 14.43 -5.984 2.00 -.44 .698 6.05 .20 .oo .oo 
lT 15.50 .489 13.29 -5.248 2.38 -.09 .649 5.20 .20 .oo . oo· 
·2T 15.90 .soo 14.28 -6.717 1.70 .30 .709 5.96 .26 .oo .oo 
·3T 15.70 .SOl 14.06 -6.527 1. 77 • 1 1 .707 5.88 .26 .oo • o·o 
4T 16.00 .497 14.00 -5.685 2.13 .-. 24 .678 5.70 .26 .oo .oo 
ST 15.70 .499 14.09 -6.674 1.71 .29 .708 5.R6 .33 .oo .00 
6T 15.90 .490 13.56 -5.010 2.55 -.77 .650 5.36 .26 .oo .oo 

AVERAGES: 00513 BASELINE Wl98 00 000 
22.80 .548 20.99 -8.041 1.47 .24 .750 9.92 3.77 .oo .oo 

STD .08 .003 .29 1.021 .25 .43 .013 .23 .59 * * 
00513 W209TI01'' (2.SE14) 

16.01 .495 13.95 -5.679 2.19 -.24 .673 ."i. 6 5 .32 .oo .oo 
STD .28 .005 .36 .683 .36 .56 .027 .27 .27 * * 

PERCENT OF BASELINE 
' 70.2 90.3 66.5 129.4 149 ***** 89.7 56.9 8.5 ***** ***** 

STD% 1.5 1.3 2.7 18.5 54 845.5 5.2 ,, • 1 9.7 ***** ••••• 
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0052 7 W211CU007 (2.6El5) Wl98 00 000 
SOL17 6 /19/81 AHl: P0=91.60HW/C~-2 NO AR COATING 

ID ISC voc IP LOG(IO) N R FF Eff OCD PCDa PCDb 

3R* 22.10 .555 19.90 -6.290 2.00 -.92 .735 9.54 .oo .oo .oo 
lB 21.70 .553 19.99 -7.759 1. 52 -.17 .760 9.64 3.25 .oo • 00 
2B 21.70 .553 19.99 -7.759 1. 52 -.17 .760 9.64 2.73 .oo .oo 
3B 22.10 .556 20.09 -7.035 1. 73 .02 .• 733 9.52 3.90 .oo • 00 
4B 21.90 .15 51 20.04 -7.174 1. 6 7 -.55 .756 9.64 2.60 .oo .oo 
5B.* 21.70 .549 19.38 -5.856 2.19 -1.34 .729 9.18 2.86 .oo .oo 
lC 21.80 .560 20.22 -8.419 1. 38 • 1 1 .767 9.91 4.16 .oo .oo 
2C 21.70 .557 19.93 -7.518 1. 59 -.31 .758 9.69 3.64 .oo .oo 
3C 21.60 .557 20.02 -8.189 1.43 -.23 .773 9.84 3.90 .oo .oo 
4C 21.6 0 .553 19.84 -7.426 1.60 -.58 .764 9.65 3.90 .oo .oo 
5C 21.70 .551 19.90 -7.350 1. 62 -.51 .760 9.60 3.90 .oo .oo 
6C 21.40 .555 19.68 -7.510 1. 59 -.53 .764 9.60 3 .. 12 .oo .oo 
7C 21.50 .553 19.61 -6.913 1. 7 6 -.85 .756 9.50 3.64. .oo .oo 
8C 21.70 .552 19.19 -5.456 2.43 -1.75 .720 9.12 3.00 .oo .oo 
9C 21.70 .556 20.02 -7.763 1. 52 -.39 .768 9.79 4.55 .oo .oo 
IS 21.30 .550 19.19 -6.310 1.98 -1.00 .737 9.14 2.60 .oo .oo 
2S 21.50 .549 19. 51 -6.663 1.84 -.85 .747 9.33 2.60 .oo .oo 
3S 21.70 .552 19.82 -7.183 1.67 -.33 .748 9.48 3.25 .oo .oo 
4S 21.40 .549 19.58 -7.155 1. 6 7 -.63 .757 9.40 2.60 .oo .oo 
5S 21.40 .547 19.35 -6.432 1. 92 -1.05 .744 9.22 2.60 .oo .oo 
6S 21.50 .546 19.12 -5.660 2.28 -1.61 .726 9.02 2.34 .oo .oo 
lT 21.80 • 5 54 20.07 -7.726 1. 53 -.20 .760 9.71 4.29 .oo .oo 
2T 21.40 .551 19.36 -6.520 1. 90 -.83 .741 9.23 2.86 .oo .oo 
3T 21.90 .553 20.06 -7.235 1.66 -.57 .758 9. 7 1 3.25 .oo .• 00 

4T 22.30 .551 20.66 -8.153 1.42 -.23 .773 10.04 3.90 .oo .oo 
5T 21.70 .55i 19.86 -7.240 1.65 -.46 .755 9.54 3.25 .oo oOO 
6T 22.20 .553 20.51 -7.959 1. 4 7. -.20 .767 9.96 4. 55• .oo .oo 

AVERAGES: 00527 BASELINE W198 00 000 
21.85 .553 20.02 -7.432 1. 61 -.22 .752 9. 61 3.12 .oo .oo 

STD • 17 .002 .04 .331 .09 • 2 1 .011 .05 • 51 * * 
00527 W211CU007 (2.6El5) 

21.6 6 • 552 19.79 -7.180 1. 71 -.62 .754 9. 55 . 3.42 .oo .oo 
STD .25 .003 • 41 .770 .27 .45 .014 .28 .67 * -k 

PERCENT OF BASELINE 
99.1 99.8 98.8 103.4 106 -83.9 100.3 99.3 109.7 ***** **·*** 

STD% 1.9 • 9 2.2 15. 1 ° 24 674.2 3.4 3.5 43.0 ***** ***** 
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00514 W210TI015 (2.5El4) Wl98 00 000 
SOL17 6 /19/81 AHl: P0=91.60HW/CH"'2 NO AR COATING 

ID ISC voc IP LOG(IO) N R· FF Eff OCD PCDa PCDb 

2R* 21.90 .sso 19.50 -6.334 1.97 .ss .690 8.79 .00 .oo .oo 
lB.* 21.90 .535 18.64 -4.660 2.98 -1.4 7 .660 8.18 1. 82 .oo .oo 
2B 21.70 .544 19.51 -6.374 1. 93 -.49 .725 9.05 3.64 .oo .oo 
3B.* 22.00 .539 18.97 -4.863 2.81 -1.65 .681 8.54 2.34 .oo .oo 
4B* 13.80 .468 11.98 -5.652 2.06 .32 .660 4.51 .33 • 00 .oo 
SB 22.00 .547 20.38 -8.438 1.35 .40 .758 9.64 4.16 .oo .oo 
lC 13.90 .471 12.19 -5.792 2.00 -.37 .683 4.73 .39 .oo .oo 
2C 13.70 .474 12.22 -6.541 1.69 • 51 .696 4.78 .so .oo .oo 
3C 14.20 .477 12.54 -6.101 1.87 • 18 .685 4.91 .52 .oo .oo 
4C 14.20 .477 12.62 -6.357 1. 7 7 .36 .692 4.96 .40 .oo .00 
sc 14.20 .475 12.42 -5.833 1. 99 .21 .672 4.79 .30 .oo .oo 
6C 13.90 .414 12.32 -6.258 1. 80 .33 .689 4.RO .52 .oo .00 
lS 13.90 .A74 .12.16 ... !).tJ/3 1.97 .42 .669 4.6G .39 .oo .oo 
2S 14.10 .464 11.95 -5.040 2.43 -.27 .637 4.40 .30 .oo .oo 
3S 13,90 .469 12.00 -5.5?.8 2 • 1 3 • 3 0 .653 4.51 .40 .oo .oo 
4S 14.50 .481 12.74 -6.118 1.88 .93 .669 4.93 .33 .oo .oo 
ss 14.20 .469 12.17 -5.240 2.31 -.33 .651 4.58 .40 .oo .oo 
6S 14.10 .467 11.93 -4.979 2.49 -.46 .636 4.43 .40 .oo .oo 
1T 14.10 .478 12.38 -6.007 .1.92 .57 .672 4.79 .26 .oo .oo 
2T 13.30 .472 11.77 -6.334 1. 77 .84 .680 4.51 .40 .oo .oo 
3T 13.90 .478 12.41 -6.605 1.68 .67 .695 4.88 .52 .oo .oo 
4T 13.70 .463 '11.51 -4.936 2. 52 -.os .623 4.18 .30 .oo .oo 
ST 14.10 .473 12.28 -5.757 2.02 .40 .664 4.68 .26 .oo .oo 

AVERAGES: 00514 BASELINE W198 00 000 
21.85 .546 19.94 -7.4uo 1. 64 -.04 .741 9.35 3.90 .oo .oo 

STD .15 .002 .43 1.032 .29 .44 .017 .30 .26 * * 
00514 W210TI015 (2 •. 5El4) 

13.99 .4?3 12.21 -5.841 2. 01 • 2 5 .669 ,, • 6 8 .39 .oo .oo 
STD .26 .005 .30 ~520 .26 • 4 1 .O?t • 21 .09 * + 

PERCENT OF BASELINE 
64.0 86.7 61.2 121.1 123 770.6 90.2 50.1 9.9 ***** ***** 

STD% 1.6 1.1 2.9 19.0 41 ***** s.o 3.9 3.0 ***** ***** 
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00623 W212CU008 (8.05El6) Wl9S 00 000 
SOL17 6 /19/81 AMI: P0=91.60HW/CU"'2 NO AR COATING 

ID ISC voc IP LOG(i:O) N R FF Ef f OCD PCDa PC Db 

3R* 22.10 .559 19.51 -5.446 2.46 -1.59 .715 9.34 .oo .oo .oo 
lB 22.10 .554 20.24 -7.387 1. 61 -. 19 .750 9.72 4.29 .oo .oo 
2B 21.80 .552 19.85 -6.968 1. 74 -.43 .745 9.48 3.64 .oo .oo 
3B 21.70 .555 19.99 -7.722 1. 53 -.27 .762 9.71 4.55 .oo .oo 
4B 22.20 .552 20.08 -6.570 1.88 -.59 .736 9.54 3.64 .oo .oo 
5B 22.30 .551 20.26 -6.839 1. 77 -.44 .741 9.63 3.64 .oo .oo 
lC 21.60 .551 19.23 -5·. 13 3 2.26 -1.46 .725 9.13 2.21 .oo .oo 
2C 2'1.50 .547 18.86 -5.242 2.56 -1.80 .708 8.81 1.82 .oo .oo 
3C 21.60 .549 19.48 -6.349 1.96 -.92 .73'1 9.25 2.47 .oo .oo 
4C 22.00 .549 19.89 -6.470 1. 91 -.84 .740 9.46 2.60 .oo .oo 
5C 21.50 .548 19.57 -6.967 1. 73 -.43 .744 9.27 2.21 .oo .oo 
6C 21.80 .550 20.00 -7.434 1.59 -.36 .757 9.60 3,00 .oo .oo 
7C 21.90 .550 20.04 -7.2,17 1.65 -.45 .754 9.60 3.00 .oo .oo 
8C 2·2.00 .552 19.73 -6.057 2.10 -1. ~ 3 .732 9.40 3.38 .oo .oo 
9C 22.10 .553 20.35 -7.732 1.52 -. 15 .759 9.81 3.38 .oo .oo 
lOC 21.70 .549 19. 71 -6.770 1. 80 -.65 .745 9.38 2.47 .oo .oo 
lS 21.80 .548 19.52 -6.240 2.00 -.38 .716 9.04 3.00 • 00, .oo 
2S 22.40 .550 19.94 -5.892 2.17 -.79 .714 9.31 3.00 .oo .oo 
3S 22.00 .550 20.11 -7.201 1. 66 -.37 .751 9.60 3.00 .oo .oo 
4S 22.30 .555 20.58 -8.031 1. 45 .16 .756 9.90 3.90 .oo .oo 
5S 22.10 .551 20.34 -7.710 1. 52 -.15 .758 9.77 3.38 .oo .oo 
6S 22.40 .551 20.47 -7.249 1.64 -.17 .746 9.74 3.51 .oo .oo 
IT 21.50 .550 18.78 -5.098 2.68 -1.97 .704 8.80 2.34 .oo .oo 
2T 21.20 .548 19.15 -6.421 1. 93 -1.00 .742 9.11 2.34 .oo .oo 
3T 21.60 .552 19.95 -7.943 1.4 7 -.17 .765 9.65 3.12 .oo .oo 
4T 21.50 .549 .19.57 -6.895 1. 7 5 -.62 .748 9.34 2.34 .oo .oo 
5T 21.60 .551 19.81 -7.380 1. 61 -.45 .758 9.55 3.00 .oo .oo 
6T 21.80 .550 19.74 -6.620 1. 85 -.66 .740 9.38 3.00 .oo .oo 

AVERAGES: 00623 BASELINE Wl98 00 000 
22.02 .553 20.08 -7.097 1. 71 -.38 .747 9.62 3.95 .oo .oo 

STD .23 .001 .16 .409 .12 .14 .009 .09 .39 * * 
00623 W212CU008 (8.05El6) 

21.81 .550 19.77 -6.751 1.85 -.67 .741 9.40 2. 811 .oo .oo 
STD .31 .002 • 4 7 .810 .33 .53 .o 17 .30 .51 * * 

PERCENT OF BASELINE 
99.1 99.5 98.4 104.8 109 24.9 99.2 97.8 71.9 ***** ***** 

STD% 2.5 .6 3.1 17.6 28 252.6 3.5 4.1 21.2 ***** ***** 
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00818 W213PB001 [NON DETECTABLE] \H 99 00 000 
SOLIS 6 /19/81 Alii: P0=91.60MW/CU'"2 NO AR COATING 

ID ISC voc IP LOG (IO) N R FF Eff OCD PCI.>a PCDb 

3R* 22.10 .547 19.62 -5.678 2.27 -1.25 .718 9. 18 . .oo .oo .oo 
lB 21.70 .549 20.27 -9.144 1.23 .29 .777 9.78 4.16 .oo .oo 
2B 22.00 .548 20.42 -8.442 1.35 .04 .770 9.82 4.42 .oo .oo 
3B 2 2. 10 .551 20.21 -7.197 1. 66 -.38 .751 9.67 4.16 .oo .oo 
4B 22.00 .550 19.98 -6.739 1. 81 -.69 • 7-4 5 9.54 3.90 .oo .oo 
SB.* 22.20 .547 19.37 -5.079 2.67 -1.82 .701 9.00 3.12 .oo • 0.0 
lC 21.90 .551 19.95 -6.891 1. 7 6 -.69 .751 9.58 3.64 .oo .oo 
2C 21.90 .543 19.34 -5.506 2.36 -1.34 • 7 1 1 . 8. 9 5 2.34 .oo .oo 
3C 22.20 .549 20.38 -7.461 1. 58 -.35 .758 9.77 3.64 .oo .oo 
4C 22.20 .54R l9.57 -5.379 2.46 -1.63 ./14 9 • .1 8 3.12 .oo .oo 
sc 22.00 .552 20.09 -7.076 1. 70 

.,. ,.. 
-.JJ .753 9.67 3.64 .oo .oo 

6C 22.00 •. 'l 5 1 19.81 -6.107 1. 98 -.87 .7Jj 9.42 ;j,. 51 .oo .oo 
H". 21.60 .546 19.14 -:>.b43 2.29 -1.26 .715 8.92 2.73 .oo .oo 
s.c 22.20 .544 19.16 -4.811 2.88 -.2. 00 .688 8.78 2.34 .oo .oo 
9C 22.20 .550 20.20 -6.864 1. 76 -.ss .746 9.63 4.16 .oo .oo 
IOC 22.00 .548 20.26 -7.706 1. 51 -.27 .762 9.72 3.64 .oo .oo 
llC 22.00 .548 19.98 -6.816 1. 77 -.48 .742 9.45 3.12 .oo .oo 
IS 22.00 .551 20.03 -6.967 1.73 -.40 .744 9.54 4.16 .oo .oo 
2S 21.90 .549 20.37 -8.623 1.32 .01 .775 9.86 3.64 .oo .oo 
3S 21.90 .547 20.22 -7.922 1. 4 (j -. 19 .765 9.69 3.64 .oo .oo 
4S. 22.10 .550 19.94 -6.346 1. 96 -.94 .739 9.50 3.77 .oo .oo 
ss 21.80 .549 20.12 -7.920 1. 4 7 -.15 .764 9.67 4.03 .oo .oo 
6S 21.60 .545 20.01 -8.224 1. 39 -.OS .768 9. 5·6 3.12 .oo .oo 
IT 22.40 .sso 20.43 ... 7.007 1. 71 -.48 .741) 9.75 3.64 .oo .oo 
2'1' 22.00 .549 20.01 -6.798 1. 7 8 -.71 • 7 48. 9.56 3.64 .oo .oo 
3'1', 22.10 .550 20.27 -7.360 1. 61 -.43 .758 9. 74 3.90 .oo .oo 
4T 21.70 .533 17.81 .-4.065 3.71 -2.07 .622 7.61 1.04 .oo .oo 
ST 21.90 .548 19.94 -11.1363 1. 76 -.69 .750 9.S2 3.90 .00 .oo 

AVERAGES: 00818 BASELINE Wl9 9 00 000 
21.95 .550 20.22 -7.880 1. 51 -. 18 .761 9.70 4.16 .00 .oo 

STD .15 .001 .16 .959 .23 .38 .013 • 11 .18 * * 
00818 W213PB001 [NON DETECTABLE] 

21.98 .548 19.87 -6.752 1. 91 -.73 .719 9.41 3.3R .oo .oo 
STD. • I 9 .004 • 57' 1.097 .54 .58 .033 • 4 8 • 71 * * 

PERCENT OF BASELINE 
100.1 99.7 98 .. 3 114.3 126 ***** 97.1 97.0. 81.3 ***** ***** 

STD% 1.6 • 9 3~6 26.0 61 ***** 6.0 6.1 21.5 ***** ***** 
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00624 W214V006 (5.5E14) Wl98 00 000 
SOL17 6 /19/81 AH1: P0=91.60MW/CH""2 NO AR COATING 

ID ISC voc IP LOG(IO) N R FF Eff OCD PCDa PC Db 

3R* 22.10 .559 19o57 -5.576 2.38 -1.39 .716 9.35 .oo .oo .oo 
2B ·21.70 .553 19.87 -7.260 1. 65 -.46 .755 9.58 3.64 .oo • 00-
38 22.40 .554 20.85 -8.814 1.. 2 9 .30 .770 10.10 4.16 .oo .oo 
4B 22.00 .553 20.29 -7.829 1. 50 -.17 .762 9.81 4.00 .oo .oo 
SB 22.70 .552 21.08 ~8.549 1. 34 .20 .767 10.17 4.00 .oo .oo 
1C 15.20 .488 13.69 -6.931 1. 59 .55 .710 5.57 .so .oo .oo 
2C . 17 0 60 .502 15.82 ._.6. 64 3 1. 7 2 • 13 .712 6.65 .52 .oo .oo 
3C ·15. 40 .487 13.78 -6.433 1.76 -.20 .710 5.63 .46 .oo oOO 
4C 15.40 .481 13.79 -6o486 1. 72 -.o8 .710 5.56 .39 .oo .oo 
sc 15.20 .484 13.43 -5.963 1.95 -.34 .693 5.39 o33 .oo .oo 
6C 15.60 .484 13.85 -6.108 1.88 -.31 .699 5.59 o42 .oo .oo 
7C 15.30 .480 13.66 -6.423 1.74 .10 .702 5.45 ,.46 .oo .oo 
8C -15.30 .480 13.66 -6.423 1.74 .10 .702 5.45 .39 .oo .oo 
9C - ''l5o50 .486 13.86 -6.455 1.75 -.01 .707 5.63 .52 .oo .oo 
10C 15.50 .481 13.90 -6.549 1.70 -.07 .712 5.61 .39 .oo .oo 
2S '15.20 .483 13.57 -6.370 1.77 -.14 .706 5.48 .33 .oo .oo 
3S '15.60 .489 13.99 -6.568 1. 7 2 .03 .710 5.73 .40 .oo .oo 
4S 20.40 .503 18.11 -6.060 1. 92 -.07 .697 7.56 .40 .oo .oo 
ss 15.60 .486 13.95 -6.464 1. 74 .06 .705 5.66 o65 .oo • 00-
1T 15.10 .484 13.44 -6.301 1.80 • 01 .699 5.41 .39 .oo • oo· 
2T 15.40 .485 13. 64 . -6.074 1.90 -.18 .694 5.49 .39 .oo .oo 
3T . -15.70 o487 14.11 -6.722 1.65 .24 • 7 11 5.75 .39 .oo .oo 
4T .15.30 .482 13.61 -6.320 1.79 • 1 7 .696 5.43 .52 .oo .oo 

AVERAGES: 00624 BASELINE W198 00 000 
22.20 .553 20.52 '-·8 0 113 1.44 -.03 .764 9.91 3.95 .oo .oo 

STD .38 .001 .48 .610 .14 .30 • 006 . .23 0 19 * * 
00624 W214V006 (5.5E14) 

15.79 .486 14.10 -6.405 1. 7 7 .oo .704 5.72 .44 .oo .oo 
STD 1. 24 .006 1. 10 • 2,39 .09 .20 .006 .52 .08 * * 

PERCENT OF BASELINE 
I 

71.1 87.9 68.7 121.1 123 201.5 92.2 57.7 11.0 ***** ***** 
STD% 6.9 1.3 7. 1. 9.1 19 ***** 1.5 6.8 2.6 ***** ***** 

197 



00625 W215M0009 (2E12) POLY W198 00 000 
SOL17 6 /19/81 AMI: P0=91.60MW/CM"'2 NO AR COATING 

ID ISC voc IP LOG(IO) N R FF Eff OCD PCDa PCDb 

3R* 22.10 .556 19.69 -5.790 2.25 -1.27 .724 9.40 .oo .oo .oo 
lB 21.70 .553 .19.33 -6.125 2.07 -.15 .704 8.93 3.25 .oo .oo 
2B.* 21.70 .546 18.93 -5.123 2.64 -1.68 .698 8.74 2.34 .oo .oo 
3B 21.60 .547 19.64 -6.879 1.75 -.48 .743 9.29 2.86 .oo .oo 
4B 21.60 .548 19.79 -7.367 1.61 -.33 .754 9.44 3.00 .oo .oo 
1C 20.10 .502 17.52 -5.478 2.22 -.24 .673 7.19 .39 .oo .oo 
2C.* 12.20 o344 7.93 -6.241 1.33 15.36 .351 1. 56 .oo .oo .oo 
3C.* 17.40 .497 14.46 -4.169 3.44 -3.54 .650 5.95 .40 .oo .oo 
4C 17.70 .496 15.56 -5.660 2.12 -.70 .692 6.42 .40 .oo .oo 
5c.• 14.10 .469 11.26 -3.762 4.09 -5.47 .613 4·. 2 9 .33 .oo .oo 
6C 17.70 .501 15.83 -6.245 1.86 -.53 .715 6.71 .52 .oo .oo 
7C 15.10 .482 13.39 -6.053 1.90 -.47 .700 5.39 .,46 .no .oo 
oc 17.20 • 4·~ 8 15.22 -5.847 2.04 -.75 .702 6.36 .46 .oo .oo 
lOC 15.10 .485 13.46 -6.314 1.80 -.20 o705 5.46 .65 .oo .oo 
11C 19.70 .493 15.69 -3.916 3.72 -1.25 .579 5.95 .26 .oo .oo 
1S 17.20 .496 15.36 -6.281 1.83 -.25 .708 6.39 .52 .oo .oo 
2S 15.40 .483 13.58 -5.813 2.02 -.69 .695 5.46 .52 .oo .oo 
3S 17.40 .499 15.28 -5.577 2.18 -1.00 .695 6.38 .52 .oo .oo 
4S 14.80 .485 13.28 -6.606 1.70 -.07 .713 5.41 .30 .oo .oo 
)ALL TANG SAMPLES HAVE ZERO OUTPUT 

AVERAGES: 00625 BASELINE W198 00 000 
21.63 .549 19.59 -6.791 1. 81 -.32 .734 9.22 3.04 .oo .oo 

STD .os .003 .19 .511 • 1..9 • 13 .022 • 21 .16 w * 00625 W215M0009 (2E12) POLY 
17.04 .493 14.92 -5.799 2.13 - • .56 .689 6.10 .45 .oo .oo 

STD 1.72 .007 1. 28 .683 .53 .35 .036 .58 • 1 1 * * 
PERCENT OF BASELINE 

78.8 89.7 76.2 114.6 118 26.1 93.9 66.2 15.0 ***** ***** 
STD% 8.2 1.7 7.3 17.2 45 224.8 7.9 8.0 4.5 ***** *·**** 
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00701 W216CR009 (2.2El5) POLY Wl9~ 00 000 
SOL17 6 /19/81 AM!: P0=91.60MW/CM"2 no AR COATING 

ID ISC voc IP LOG(IO) N R FF Eff OCD PCDa PCDb 

3R* 2 2e 10 .561 19.64 -5.705 2.31 -1.33 .721 9.45 .oo .oo .oo 
lB.* 22.50 .555 19.55 -5.374 2.49 -.11 .666 8.80 3.00 .oo .oo 
2B* 21.60 .543 18.40 -5.234 2.54 1.00 .625 7.75 1.43 .oo .oo 
3B.* 21.80 .544 19.24 -5.825 2.18 -.13 .689 8.65 1.82 .oo .oo 
4B* 22.20 .553 18.62 -5.315 2.52 2.47 .587 7.63 2.34 .oo .oo 
5B.* 22.50 .544 19.48 -5.056 2.67 -1.07 .677 8.77 1. 56 .oo .oo 
!C.* 13.20 .214 9.96 -11.781 .36 8.62 .405 1. 21 .oo .oo .oo 
2C.* 15.90 .467 11.7 4 -3.556 4.42 -.46 .503 3.95 .oo .oo .oo 
3C.* 12.50 .150 8.89 -8.267 .39 6.30 .385 .76 .oo .oo .oo 
5C* 15.40 .281 10.65 -6.019 1.12 8.54 .384 1. 76 .oo .oo .oo 
6C.* 15.60 .425 10.98 -4.323 2.82 7.36 .422 2.96 .oo .oo .oo 
7C.* 16.60 .422 11.69 -3.958 3.23 5.12 .434 3. 21 .oo .oo .oo 
8C.* 15.00 .362 10.20 -5.498 1. 65 10.91 .379 2.18 .oo .oo .oo 
9C.* 16.60 .378 11.09 -4.760 2.12 9.29 .379 2. 51 .oo .oo .oo 
llC.* 13.70 .304 10.54 -7.215 .95 8.79 .443 1. 95 .oo .oo .oo 
12C.* 16.20 .224 12.14 -6.026 .88 5.08 .437 1. 68 .oo .oo .oo 
lS 18.60 .491 14.76 -3.975 3.65 -.79 .571 5.51 .oo .oo .oo 
3S.* 11.40 .404 6.81 -8.267 1.07 24.78 • 3 1 1 1. 51 .oo .oo .oo 
4T.* 14.00 .288 10.08 -7.805 .81 10.27 .394 1.68 .oo .oo .oo 

AVERAGES: 00701 BASELINE Wl98 00 000 
NO BASELINE 

00701 W216CR009 (2.2El5) POLY 
18.60 .491 14.76 -3.975 3.65 -.79 .571 5.51 .oo .oo .oo 

STD .oo .000 .oo .ooo .oo .oo .ooo .oo .oo * * 
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00725 W217TA005 (3Ell) Wl98 00 000 

SOL17 6 /22/81 AMI: P0=91.60MW/CMA2 NO AR COATING 

ID ISC voc IP LOG(IO) N R FF Eff OCD PCDa PCDb 

3R* 22.10 .561 19.35 -5.072 2.74 -2.33 • 7 1'4 9.36 .oo .oo .oo 
lB 22.30 .560 19.79 -5.629 2.35 -1.42 .720 9.51 3.64 .oo .oo 
2B 22.10 .552 18.86 -4.516 3.22 -2.54 .679 8.76 2.60 .oo .oo 
3B* 22.00 .541 18.35 -4.269 3.46 -2.00 .642 8.08 1. 30 .oo .oo 
4B 22.30 .555 19.39 -5.009 2.76 -1.81 .695 9 .1 0 3.00 .oo .oo 
SB* 21.90 .550 18.94 -5.143 2.64 -.68 .669 8.53 2.08 .oo .oo 
lC 21. 10 .538 17.43 -4.405 3.29 -.54 • 6 1 1 7.33 .56 .oo .·00 

2C 21.30 .553 18.83 -5.589 2.36 -1.22 .710 8.84 2.08 .oo .oo 
3C 21.20 .524 17.60 -4.662 2.93 .47 .603 7. 09 ' .39 .oo .oo 
4C 21.20 9549 1 R. 'i 1 -5.295 2.53 ~1.05 .688 8.47 Lb9 ~00 .oo 
5C 21.10 .536 17.88 -4o729 2. en -.86 .645 7.72 .78 .oo .ou 
6C 21. 1 u .531 1 i. 86 -4.821 2982 -.?8 .635 7.53 .65 .oo .on 
71'. 2Q.~U • 5'• 9 18.28 -.J • .J22 2. 39 -.~b .694 8.39 1. 69 .oo .oo 
8C 21.10 .541 17. 91 -4.632 3.06 -L54 .656 7.92 1 • 1 7 .oo .oo 
9C 21. 10 • 5 31 17.55 -4.400 3.25 -1.10 .626 7.41 .60 .oo .oo 
lOC 2 1. 10 .553 18.56 -5.409 2.47 -1.40 .704 8.69 2.21 .oo .oo 
llC 21.30 .543 18.16 -4.725 2.97 -1.40 .660 8.08 1. 20 .oo .oo 
1S 21.50 .552 18.85 -5.307 2.53 -1.42 .700 8.79 1. 82 .oo .oo 
2S 21.00 .552 18.61 -5.664 2.31 -1.25 .714 8.75 1.95 .oo .oo 
3S 21.10 .555 18.89 -6.135 2.08 -.73 • 7 21 8.93 2.08 .oo .ou 
4S 21.40 .548 18.46 -4.890 2.84 -1.72 .682 R.46 1.69 .oo .oo 
5S 21.30 .548 18.44 -4.955 2.79 -1.73 .• 686 8.47 1. 69 .oo .oo 
lT 21.40 .546 18.42 -4.887 2.83 -1.50 .675 8.34 1.17 .oo • 00 . 
2T 21.30 .544 18.35 -4.932 2.79 ..;.1.38 • 675 8.27 1.20 .oo .uo 
3T 21.60 .553 18.98 -5.545 2.38 -.66 .691 8.73 1.82 .oo .oo 
4T 21.30 .552 18.90 -5.719 2.28 -1.13 .714 8.88 1. 82 .oo .oo 
5T 21.40 .539 18.23 -4.708 2.9fi -1.40 .. 660 8.05 .78 .oo .on 

AVERAGE~: UU/:l5 BASELINE W198 00 000 
22.2~ .'i'ifi 19.35 -5. 0 5.1 2.70 -1.92 .698 9.l:l 3.08 .oo .oo 

STD .10 .003 .38 .455 .36 .47 .017 • 31 .43 * * 
00725 W217TA005 (3E 11) 

21.22 .545 18.32 -5.092 2.70 -1.08 .674 8.24 1.38 .oo .oo 
STD .1~ .008 .45 .468 .33 .51 .034 .54 .56 * * 

PF.RCENT OF BASELINE . 
95.5 98.0 94.7 99~2 97 143.8 96.5 90.4 44.9 ***** ***** 

STD% 1.2 2. 1 4.3 19.2 26 46.7 7.3 9.2 27.0 ***** ***** 
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00703 W218TA006 (!Ell) Wl98 00 000 
SOL17 6 /19/81 AMl: P0=91.60UW/CMA2 NO AR COATING 

ID ISC voc IP LOG (IO) N R FF Eff OCD PCDa PCDb 

3R* 22.10 .555 19.59 -5.619 2.34 -1.31 .716 9.29 .oo .oo .oo 
lB.* 21.40 .553 19.82 -9.356 1. 20 2.04 .722 9.04 4.42 .oo .oo 
2B.* 21.40 .539 18.28 -4.748 2.92 -1.47 .665 8.11 1. 43 .oo .oo 
3B 21.90 .550 19.76 -6.537 1. 88 -.44 .730 9.29 4.29 .oo .00 
4B* 21.90 .550 19.76 -:6.537 1. 88 -.44 .730 9.29 4.29 .oo .oo 
5B.* 21.90 .538 18.26 -4.244 3.48 -2.14 .643 8.01 1. 69 .oo .oo 
lC 21.20 .540 17.15 -3.891 4.06 -2.42 .609 7.37 1.56 .oo .oo 
2C 20.20 .529 17.46 -5.759 2.17 1.60 .634 7.17 • 91 .oo .·oo 
3C 21.40 .549 18.20 -4.456 3.29 -2.75 .676 8.40 2.60 .oo .oo 
4C 21.40 .537 17.37 -3.946 3.94 -2.15 .610 7. 41 1.30 .oo .oo 
5C 20.80 .532 16.90 -4.215 3.51 -.48 .592 6. 9.3 1.17 .oo .oo 
6C 21.50 .538 18.17 -4.543 3.12 -1.57 .652 7.97 1.43 .oo .oo 
7C 21.30 .537 17.62 -4.119 3.66 -2.42 .635 7.68 1.50 .oo .oo 
8C 20.90 .526 17.16 -4.342 3.30 -.46 .603 7.01 1.04 .oo .oo 
9C 21.50 .550 19.16 -5.937 2.15 -.81 .715 8.94 3.00 .oo .oo 
10C 19.30 .548 17.08 -6.468 1.93 1. 61 .666 7.45 2.21 .oo .oo 
11C.* 21.50 .546 17.78 -3.940 4.01 -3.78 .652 8.09 1. 95 .00 .oo 
lS 21.30 .546 17.92 -4.880 2.84 .50 .618 7.60 1.82 .oo .oo 
2S 21.50 .543 18.67 -5.126 2.62 -1.20 .683 8 .·43 2.08 .-oo .oo 
4S 21.50 .:;52 19.70 -7.469 1. 59 -.10 .749. 9.41 3.25 .oo .oo 
5S 21.70 .551 19.91 -7.518 1. 57 -.17 .753 9.52 3.25 .00 .oo 
1T 21.40 .536 18.01 -4.482 3.18 -1.58 .647 7.85 1.17 .oo .oo 
2T 21.50 .526 17.87 -4.406 3.21 -.92 .623 7.45 .78 .oo .oo 
3T 21.90 .548 19.67 -6.334 1. 96 -.47 .723 9.17 2.99 .oo .oo 
4T. 21.60 .553 19.90 -7.897 1. 48 .13 .754 9.52 3.25 .oo .oo 
5T 21.60 .541 18.50 -5.094 2.64 -.01 .646 7.98 1.69 .oo .oo 
6T 21.20 .529 17.51 -4.229 3.46 -1.56 .623 7.39 .91 .oo .oo 

AVERAGES: 00703 BASELINE W198 00 000 
21.90 .550 19.76 - 6·. 53 7 1.88 -.44 • 7 30 9.29 4.29 .00 .oo 

STD .oo .ooo .oo .000 .oo .oo .000 .oo .oo * * 
00703 W218TA006 (lE 11 )· 

21.24 .541 18.20 -5.255 2.78 -.76 .661 8.03 1. 90 .oo .oo 
STD .57 .009 .97 1.242 .79 1.20 .051 .84 .05 * * 

PERCENT OF BASELINE 
97.0 98.3 92.1 119.6 148 25.4 90.5 86.4 44.2 ***** ***** 

STD% 2.6 1. 6 4.9 19.0 42 275.1 7.0 9.0 19.8 ***** ***** 

201 . 



00724 W2I9V008 (9EI2) WI98 00 000 

SOLIS 6 /I9/8I AMI: P0=9I.60HW/CH"'2 NO AR COATING 

ID I SC voc IP LOG (IO) N R · FF Eff OCD PCDa PCDb 

3R* 21.90 .559 I9.32 -5.429 2.48 -I.57 • 7 I•3 9.23 .00 .oo .oo 
IB 20.90 .559 I9.IO -7.056 1. 74 -.80 .758 9.36 4.42 .oo .oo 
2B.* 20.40 .555 I8.02 -5.44I 2.47 -1.96 .720 8.62 3.5I .00 • 00 

3B 20.90 .558 I9.23 -7.6I4 1. 57 -.36 . 7 6I 9.39 4.I6 .oo .oo 
4B 20.50 .556 I8.42 -6.494 1. 93 -.I3 .7I6 8.64 3.90 .oo .oo 
IC I8.10 .529 16.23 -6.243 1. 96 -.94 .726 7.35 .65 .oo .oo 
2C IS.IO • 528 I6.34 -6.5I8 1. 85 -.9I .737 7.45 .65 .oo .oo 
3C I8.20 .527 I6.35 -6.285 1. 94 -1.00 .730 7.40 .65 .oo .oo 
4C I 7. 7 0 • 5 3I I6.57 -9.602 l.I3 .59 .776 7.72 • 7 8 .oo .oo 
5C I8.30 .527 I6.46 -6.399 1. 89 -.76 .728 7.43 .65 .oo .oo 
6C I8.20 .529 16.19 -5.924 2. I1 -1.08 .715 7.28 .65 .oo .00 

7C I8.70 .532 16.86 -6.485 1. 87 -.79 .711 7.72 .85 .oo .oo 
HC 18.70 .530 16.92 . -6.686 I. 7 9 -.bl .736 7. 71 • 7 8 .00 .oo 
9C I8.50 .529 I6.77 -6.702 1. 7 8 -.83 .743 7.69 .78 .oo .oo 
IOC 18.50 .525 16.17 -5.328 2.44 -I.43 .694 7.13 .52 .oo .oo 
I1 c I8.50 .525 I6.30 -5.577 2.28 -I.24 .703 7.22 .52 .oo .oo 
12C I8. 10 .5I9 i5.78 -5.3I9 2.42 -I.20 .686 6.82 .40 .00 .oo 
IS I8.20 .528 I6.28 -6.132 2.01 -1.00 .723 7.35 .72 .00 .oo 
2S I8.40 .529 I6.56 -6.410 1. 89 -.80 .730 7.51 .78 .oo .oo 
3S 18.40 .526 16.39 -5.996 2.06 -.95 .7I6 7.33 .65 .oo .oo 
4S I8.60 .528 I6.76 -6.413 1 • 8.8 -.95 .735 7.63 .78 .oo .oo 
5S I8.50 .529 16.80 -6.854 I. 7 3 -.63 .742 7.68 .78 .oo .oo 
6S I8.50 .528 16.74 -6.7i5 1. 7 7 -.57 .736 7.60 .78 .oo .oo 
IT I7.80 .529 I5.87 -5~920 2. 12 -1.lt7 .724 7. 21 .GO .oo .oo 
2T 18.30 .530 16.37 -6.079 2.04 -1 • 1 9 .726 7 .I, 5 .60 .oo .oo 
3T 18.30 .530 16.42 -6.198 1. 98 -1.14 .730 7.49 .60 .oo .oo 
4T I8.50 .53I I6.8I -6.919 1. 7I -.51 .74I 7.70 .65 .00 .oo 
ST 18.20 .532 I6.58 -7.0I8 1.68 -.65 .748 7.66 .78 .oo .oo 
6T 18.30 .530 I6.42 -6.I98 I. 98 -l.I4 .730 7.49 .78 .oo .oo 

AVERAGES: 00724 BASELINE W198 00 000 
20.77 .558 I8.92 -7.055 I. 7 5 -.43 .745 9. 13 4.I6 .oo .oo 

STD • 1 9 .OOI .35 .457 • I 5 .28 .020 .35 • 2 I * * 
00724 W2I9V008 (9EI2) 

I8.32 .528 IG.46 ... 6.413 I.93 -.U8 .729 7.46 .68 .00 .oo 
STD .24 .003 .29 .799 .26 .40 .018 .22 • I I * * 

PERCENT OF BASELINE 
88.2 94.7 87.0 I 0 9. 1 1IO -5.I 97.8 81.7 I6.4 ***** ***** 

STD% 2.0 • 7 3.2 17.9 25 286.0 5. I 5.6 3.5 ***** ***** 

202 



00725 W220W005 (8Ell) Wl98 00 000 
SOL18 6 /19/81 AUl: P0=91.60UW/Cl1""2 NO AR COATING 

ID ISC voc IP LOG(IO) N R FF Eff OCD PCDa PCDb 

3R* 22.10 .556 19.62 -5.699 2.30 -1.23 .718 9.33 .oo .oo .oo 
lB 21.40 .555 19.62 -7.344 1. 63 -.44 .757 9.50 4.16 .oo .oo 
2B.* 21.40 .551 19.10 -5.865 2.19 -1.28 • 7 26 9.05 3.51 .oo .oo 
3B 21.20 .553 19.28 -6.848 1.79 -.66 .747 9.26 3.90 .oo .oo 
4B.* 21.20 .551 18.83 -5.664 2.31 -1.51 .722 8.92 3.12 .oo .oo 
SB 21.20 .553 19.30 -7.560 1. 57 1. 04 .715 8.87 3.64 .oo .oo 

-
lC 20.50 .541 18.66 -6.901 1. 7 3 -.62 .747 8.76 1. 82 .oo .oo 
2C 20.80 .544 18.75 -6.426 1. 92 -.68 .731 8.75 1.69 .oo .oo 
3C 20.40 .541 18.61 -7.078 1. 68 -.46 .748 8.73 2.QO .oo .oo 
4C 20.30 .541 18.30 -6.358 1.94 -.97 .737 8.55 1. 95 .oo .oo 
sc 20.20 .541 18.16 -6.252 1.98 -1.03 .734 8.48 1.82 .oo .oo 
6C 20.20 .542 18.67 -8.096 1. 41 -.04 .764 8.84 z·.oa .oo .oo 
7C 20.00 .538 18.05 -6.510 1.87 -.71 .734 8.36 1.56 .oo .oo 
8C 20.70 .541 18.74 -6.655 1. 82 -.59 .737 8.73 2.08 .00 .oo 
9C 20.70 .542 19.03 -7.630 1.52 -.21 .757 8.98 2.86 .oo .oo 
lOC 20.40 .525 17.53 -4.883 2.75 -1.44 .671 7.60 .78 .oo .oo 
lS 20.70 .543 18.87 -7.078 1.68 -.38 .746 8.86 2.34 .oo .oo 
2S 20.50 .537 18.17 -5.690 2.24 -1.23 .714 8.31 1. 56 .oo .oo 
3S 20.50 .540 18.81 -7.580 1.53 -.06 .751 8.79 2.34 .oo .oo 
4S 20.80 .538 18.72 -6.334 1.93 -.78 .731 8.65 1. 69 .oo .• oo 
lT 20.40 .539 18.15 -5.803 2.19 -1.29 .721 8.39 1.30 .oo .oo 
2T 20.40 .539 18.34 -6.205 1.99 -1.10 .734 8.54 1.69 .oo .oo 
3T 20.50 .535 17.82 -4.974 2.72 -2.21 .699 8.11 1.04 .oo .oo 
4T 20.40 .543 18.59 -6.969 1. 72 -.67 .751 8.79 1.95 .oo .oo 
ST 20.50 .543 18.85 -7.562 1.54 -.42 .762 8.97 1. 95 .oo .oo 
6T 20.80 .543 19.02 -7.326 1. 61. -.17 .747 8.92 2.08 .oo .oo 

AVERAGES: 00725 BASELINE Wl98 00 000 
21.27 .554 19·. 40 -7.251 1.66 -.02 .740 9.21 3.90 .oo .oo 

STD .09 .001 .15 .298 .09 .76 .018 .26 • 21 * * 
00725 W220W005 (SEll) 

20.49 .540 18.49 -6.616 1. 89 -.75 .736 8.61 1. 86 .oo .oo 
STD .21 .004 .40 .834 .35 .52 .021 .32 .48 * * 

PERCENT OF BASELINE 
96.3 97.5 95.3 108.8 114 ***** 99.5 93.4 47.7 ***** ***** 

STD% 1.4 • 9 2.8 15.7 29 ***** 5.3 6.3 15.6 ***** ***** 

203 



00728 W221NI005 (IOE15) Wl98 00 000 
SOLIS 6 /19/81 AMI: P0=91. 60MW/CH"'2 NO AR COATING 

ID ISC voc IP LOG(IO) N R FF F.ff OCD PCDa PC Db 

3R* 22.10 .553 ·19.62 -5.656 2.31 -1.37 .720 9.31 .oo .oo .oo 
lB 20.90 .549 18.92 -7.163 1. 67 .83 .710 8.62 3. 12 .oo .oo 
2B 20.80 .545 18.43 -6.027 2.10 .09 .691 8.28 2.60 .oo .oo 
3B.* 21. 10 .550 19.20 -7.836 1. 49 1.66 .703 8.63 4.03 .oo .oo 
4B 21.40 .550 19.54 -7.885 1.48 1. 31 .715 8.90 3.90. .oo .oo 
5B· 21.00 .549 1 9. 3 5 -8.440 1. 36 1.16 .733 8.94 3.90 .oo .oo 
lC 20.40 .545 17.91 -5.592 2.33 -.50 .687 8.08 2.34 .oo .oo 
2C 20.50 .542 17.49 -4.796 2.91 -I. 21 .658 7. 73 1. 30 .oo .oo 
3C 20.40 .541 16.91 -4.664 3.04 .55 .601 7.02 1. 56 .oo .oo 
4C 20.10 .'146 17.68 -5.726 2.26 -.26 .68b 7.97 2.73 .oo .oo 
5C. 20.30 .542 17.4! -4.9'lq 7.77 -.95 .662 7.70 2.08 .uu .oo 
6c; 20.40 .540 1 7. ll 2 -5.0.1(. . 2. 7 0 -. 15 .645 7 • .Jl 1..95 • U'U .oo 
7C 20.40 .547 18.34 -6.~13 1. 89 -.10 .717 8.46 3.00 .oo .oo 
sc· 21.10 .542 18.25 -5.380 2.44 .23 .655 7.92 2.34 .oo .oo 
9C 20.80 .543 18.16 -5.398 2.44 -.70 .683 8.16 2.34 .00 .oo 
IOC 21. 10 .542 18.49 -5.618 2.30 -.15 .679 8.21 2.34 .oo .oo 
11C 20.60 .539 17.78 -5.233 2.54 -.24 .660 7.75 1.82 .oo .oo 
1S 20.40 .546 17.77 -5.505 2.39 -.03 .669 7.88 2.60 .oo .oo 
2S 20.70 .548 18.18 -5.562 2.36 -.65 • 690 . 8.28 3.00 .oo .oo 
3S zo.so .549 19.01 -7.725 1. 52 .87 .725 8.76 3.90 .oo .oo 
4S 20.60 .548 18.53 -6.616 1. 86 .14 .713 8.51 3.51 .oo .oo 
5S 20.50 .548 18.70 -7.582 1. 55 .81 .723 8.59 2.21 .oo .oo 
6S 20.40 .544 17.98 -5.751 2.24 -.36 .691 8.11 2.60 .oo .oo 
IT 20.20 .55.5 18.42 -7.384 1. 63 .39 .731 8.67 3.64 .oo .oo 
2T 20.50 .555 18.87 -7.978 1. 4 7 .36 .748 9.00 3.90 .oo .00 
3T 20.40 .550 18.52 -7.200 1. 67 .52 .721 8.56 3.25 .oo .oo 
4T 20.60 .547 18.34 -6.088 2. 08. -.26 .704 8.39 2.47 .oo .oo 
ST 20.40 .549 18.06 -5.795 2.23 -.66 .702 8.31 2.73 .oo .oo 
6T 20.70 .549 18.60 -6.494 1.91 -.10 .716 8.60 3.12 .oo .oo 

AVERAGES: 00728 BASELINE Wl98 00 000 
21.03 .548 19.06 -7.379 1.65 .85 .712 8.68 3.38 .oo .oo 

STD .23 .002 .43 .902 .28 .47 .015 .26 .~5 * * 
00728 W221NI005 (IOE15) 

20.53 • .546 18.12 -6.026 2.20 -.11 .690 8.18 2.64 .oo .oo 
STD .24 .004 • 51 .959 .44 .53 .033 .45 .69 * * 

PERCENT OF BASELINE 
97.7 . 99.6 95.1 118.3 133 -12.7 9.6. 8 94.2 78.1 ***** ***** 

STD% 2.2 1.1 4.9 2 4 •. 6 54 104.2 6.8 8.?. 36.3 ***** ***** 

204 



01003 W222AG002 (6El5) \.J'l 99 00 000 
SOLIS 6 /19/81 Al11 : P0=91.60HW/CH''2 NO AR COATING 

ID ISC voc IP LOG(IO) N R FF Eff OCD PCDa PCDb 

3R* 22.10 .552 19.78 -6.007 2.12 -1.03 .727 9.38 .oo .oo .oo 
lB.* 22.30 .551 19.72 -5.570 2.35 -1.19 .710 9.23 3.51 .oo .00' 
2B 22.10 .552 20.42 -8.099 l. 43 • 1 2 .759 9.80 4.55 .oo .oo 
3B 22.10 .552 20.37 -7.913 l. 4 7 .04 .757 9.77 4.42 .oo . oo· 
lC 21.10 .530 18.93 -6.225 l. 95 -.67 .724 8.56 2.21 .oo .oo 
2C 22.00 .552 20.33 -8.066 1.44 • 01 .762 9.79 4.29 .oo .oo 
3C 21.40 .527 18.68 -5.188 2.50 -1.47 .696 8.30 l. 82 .oo .oo 
4C 21.10 .526 18.65 -5.636 2.22 -1.02 .707 8.30 .l. 56 .oo .oo 

. 5C '21.10 .525 18.27 -4.913 2.71 -1.95 .691 8.10 1.56 .oo .oo 
6C 21.40 .529 19.22 -6.297 1. 91 -.57 .724 8.67 2.34 .oo • oo· 
7C 21.50 .527 19.25 -6.155 l. 96 -.64 .721 8.64 l. 95 .oo .oo 
8C 20.70 .519 18.37 -5.781 2.12 -.97 .712 8.09 1-.04 .oo .oo 
9C 21.50 .528 19.14 -5.902 2.08 -.81 .715 8.58 2.34 .oo .oo 
lOC 19.80 .508 17.04 -4.903 2.65 -1.58 .676 7.19 .65 .oo .oo 
llC 21.30 • 5-25 19.51 -7.659 1.46 .42 .737 8.72 2.08 .oo .oo 
12C 21.70 .528 19.91 -7.768 1.44 .44 .739 8.96 2.34 .oo .oo 
lS 21.20 .525 19.13 -6.681 l. 7 5 -.04 .722 8.49 l. 69 .oo .oo 
2S 21.10 .529 19.43 -7.920 l. 41 .22 .751 8.86 l. 82 .oo .oo 
3S 21.40 .528 19.76 -8.392 l. 31 .71 .746 8.91 2.34 .oo •. 0() 

4S 21.20 .531 19.54 -8.114 l. 38 .47 .747 8.90 2.34 .oo .oo 
5S 21.10 .524 18.80 -5~964 2.04 -.71 .714 8.34 1.56 .oo .oo 
6S 21.20 .522 18.94 -6.105 l. 97 -.54 .715 8.37 l. 56 .oo .oo 
IT 20.40 .522 17.91 -5.325 2.40 -1.58 .705 7.94 1.04 .oo .oo 
2T 20.70 .520 18.65 -6.539 l. 7 9 -.26 .723 8.23 1.17 .oo .oo 
3T 20.20 .513 17.55 -5.187 2.45 -1.08 .681 7.47 .78 .oo .00· 
4T 20.40 .512 17.72 -5.079 2.52 -1.52 .688 7.60 .78 .oo .oo 
5T 20.20 .519 18.08 ~6.142 l. 95 -.74 .721 8.00 1.04 .oo .oo 
6T 20.00 .510 17.56 -5.437 2.28 -1.19 .699 L54 .78 .oo .oo 

AVERAGES: 01003 BASELINE Wl99 00 000 
22.10 .552 20.40 -8.006 l. 45 .08 .758 9.78 4.49 .oo .oo 

STD .oo .000 .02 .093 .02 .04 .001 .01 .06 * * 
01003 W222AG002 (6El5) 

20.99 .524 18.76 -6.307 l. 99 -.63 .717 8.3b 1. 71 .oo .oo 
STD .55 .009 • 81 1.084 .42 .73 .022 .56 .78 * * 

PERCENT OF BASELINE 
95.0 95.0 92.0 121.2 137 ***** 94.6 85.4 38.2 ***** *****· 

STD% 2.5 1.6 4.1 14.6 31 ***** 3.0 5.8 18.2 ***** ***** 

205 



00819 W223NI006 (1.1El5) Wl98 00 000 
SOL18 6 /19/81 AMI: P0=91.60l1W/CM"'2 NO AR COATING 

ID ISC voc IP LOG(IO) N R FF Eff OCD PCDa PCDb 

3R* 22.10 .552 19.76 .;.5.969 2.14 -1.04 .725 9.36 .oo .oo .oo 
lB.* 21.40 .544 18.69 -5.198 2.58 -1.53 .697 8.58 2.86 oOO .oo 
2B* 21.40 .468 16.65 -4.065 3.26 1.29 .530 5.62 .26 .oo .oo 
3B.* 22.30 .542 19.47 -5.132 2.60 -1.63 .699 8.94 2.47 .oo .oo 
lC 21.70 .525 18.28 -4.593 2.99 ·-. 96 .640 7. 7 1 .91 .oo .oo 
2C 21.90 .551 19.97 -6.971 1. 7 3 -.61 .751 9.58 3.64 .oo .oo 
3C 22.10 .547 19.84 -6.165 2.03 -.90 .730 9.33 3.00 .oo .oo 
4C 22.00 .542 19.05 -4.959 2.74 -1.60 .686 .8.65 2.21 .oo .oo 
5C 21.90 .548 2 0. 10 -7.477 1.57 -.30 .757 9.60 3.77 .oo .oo 
6C 21.90 .520 18.00 -4.147 3. 49. -1.54 .618 7.45 .78 .oo .oo 
7C 21.80 .528 18.35 -4.432 3.18 -1.77 .650 7.92 1.17 .oo .oo 
AC:.* 21.90 .. 515 17.14 =3.6(j9 4.27 .- J • ~A .566 6 .. 75 .45 .oo .oo 
9C 21.70 .530 17.99 -4.163 3.54 -2.17 .636 7.73 1.04 .oo .oo 
lOC 21.80 .526 18.34 -4.435 3.17 -1.67 .648 7.86 .90 .oo .oo 
lS 21.90 .550 19.29 -5.520 2.38 -1.01 .701 8.93 3.00 .oo .oo 
2S 21.70 .519 17.96 -4.378 3.19 -.72 .616 7.33 .65 .oo .oo 
3S 21.40 ~520 17.75 -4.383 3.20 -.90 .620 7.30 .65 .oo .oo 
4S 22.00 .547 19.41 -5.461 2.40 -1.44 .712 9.06 3~00 oOO .oo 
5S 21.90 .539 19.00 -4.976 2.71 -1.73 .691 8.62 2.21 .oo .oo 
6S 21.60 .544 19 .1.4 -5.583 2.32 -1.50 .719 8. 94. 2.34 .oo .oo 
1(1' 21.70 .529 17.63 -3.947 3.87 -2.10 .611 7.42 .91 .ou .oo 
2T 21.40 .483 17.04 -4.088 3.33 .18 .564 6.16 .26 .oo .oo 
3T 21.90 .538 18.93 -4.897 2.78 -l. 72 .685 8.54 1.82 .oo .oo 

AVERAGES: 00819 BASELINE Wl98 00 000 
NO BASELINE 

00819 W223NI006 (1.1El5) 
21.79 .533 18.67 -5.032 2.81 -1.25 .669 8.23 1.79 .oo .oo 

STD .19 .016 .85 .976 .62 .61 .052 .91 1.10 * * 

206 



00804 W224HSC/DCS057 Wl98 00 000 
SOL18 6 /22/81 AMI: P0=91.60MW/CM"2 NO AR COATING 

ID ISC voc IP LOG(IO) N R FF Eff OCD PCDa PC Db 

3R* 22.10 .560 19.51 -5.447 2.47 -1.55 .714 9.34 .oo .oo .oo 
lB 21.30 .559 19.55 -7.520 1.60 -.25 .756 9.52 4.29 .oo .oo 
2B* 21.00 .547 18.03 -4.720 3.00 -2.19 .681 8.27 2.34 .oo .oo 
3B 21.20 .549 18.10 -4.613 3.12 -2.24 .674 8.30 2.34 .oo .oo 
4B 21.10 .555 18.87 -5.938 2.18 -1.35 .731 9.05 3.64 .oo .oo 
5B 21.10 .550 18. 58. -5.345 2.50 -1.81 .713 8.75 2.34 .oo .oo 
1C 20.90 .579 18.98 -6.770 1.90 -.72 .745 9.53 3.00 .oo .oo 
2C 21.00 .543 17.05 -4.167 3.64 -.72 .594 7.16 • .4 2 .oo .oo 
3C 21.10 • 568' 18.17 -4.805 3.03 -2.10 .• 683 8.66 1.82 .oo .oo 
4C 21.40 .576 19.32 -6.402 .2.03 -.98 .739 9.64 3.00 .oo .oo 
5C 21.00 .569 17.84 -4.427 3. 4 6. -3.07 .677 8.56 1.82 .oo .oo 
6C 21.10 .552 17.76 -4.594 3 .16 -1.03 .639 7.8,7 .72 .oo .oo 
7C 21.10 .565 18.21 -4.864 2.96 -2.03 .686 8.65 1.56 .oo .oo 
ac ·21.20 .574 18.90 -5.830 2.31 -1.36 .725 9.32 2.34 .oo .oo 
9C ·21.10 .573 18.71 -5.640 2.41 -1.4 7 .718 9.17 2.34 .oo .oo 
10C 21.30 .574 19.06 -6.000 2.22 -1.22 .729 9.42 2.60 .oo .oo 
11C 21.30 .576 19.36 -6.815 1.87 -.70 .746 9.68 3.00 .oo .oo 
1S 20.80 .577 18.71 -6.217 2.13 -1.22 .737 9.36 2.34 .oo .oo 
2S 21.20 .582 19.84 -9.547 1.23 .59 .775 10.11 3.90 .oo .oo 
3S 21.30 .579 19.52 -7.303 1.72 -.55 .758 9.88 2.86 .oo .oo 
4S 21.20 .578 19.44 -7.334 1. 71 -.55 .759 9.83 3.00 • 00 . .oo 
5S 20.70 .574 18.19 -5.338 2.62 -1.77 .708 8.89 1.95 .oo .oo 
6S 21.00 .570 18.40 -5.298 2.63 -1.57 .701 8.87 1.82 .oo .oo 
1T 21.10 .583 19.27 -6.996 1.83 -.93 .759 9.87 3.64 .oo .oo 
2T 21.10 .571 18.29 -4.974 2.89 -1.90 .690 8.79 1.82 .oo .oo 
3T 21.10 .578 19.00 -6.183 2.14 -1.43 .742 9.58 3.00 .oo .oo 
4T 21.20 .581 19.53 -7.597 1.64 -.62 .769 10.01 3.64 .oo .oo 
5T 20.80 .548 17.62 -4.711 3.02 -1.00 .646 7.79 .65 .oo .oo 
6T. 21.20 .568 18.47 -5.146 2.73 -1.60 .693 8.83 1.69 .oo .oo 

AVERAGES: 00804 BASELINE Wl98 00 000 
21.18 .553 18.78 -5.854 2.35 -1.42 .718 8.90 3.15 .oo .oo 

STD .08 .004 .53 1.070 .55 .74 .030 .44 .84 * * 
00804 W224HSC/DCS057 

21.10 .571 18.68 -5.955 2.40 -1.21 .714 9.11 2.30 .oo .oo· 
STD • 17 .010 .70 1.253 .62 • 71 .045 .75 .93 * * 

PERCENT OF BASELINE 
99.6 103.2 9 9. 5 98.3 102 114.3 99.3 102.3 73.0 ***** ***** 

STD% 1.2 2.6 6.6 43.9 57 121. 1 10.6 13.9 56.8 ***** ***** 
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00820 W225t1N009 (S.SE15) W199 00 000 
SOL18 6 /19/81 Al11: P0=91.60MW/CU"2 NO AR COATING 

ID ISC voc IP LOG(IO) N R FF Eff OCD PCDa PCDb 

3R* 22.10 .549 19.63 -5.692 2.27 -1.25 .719 9.22 .oo .oo .oo 
1B 21.30 .550 19.39 -6.882 1. 7 6 -.66 .749 9.27 3.90 .oo .oo 
2B 21.30 • 550 19.63 -7.854 1.49 -. 10 .760 9.42 4.03 .oo .oo 
3B 21.30 • 5 49 19.68 -7.998 1. 45 -.17 .766 9.47 3.90 .oo .oo 
4B 21.50 .548 19.30 -6.162 2.04 -1.00 .732 9.12 3.00 .oo .oo 
SB 21.40 .547 19.24 -6.207 2.01 -.99 .733 9.07 3.38 .00 .oo 
1C 19.00 .523 17.01 -6.220 1. 94 -.64 .719 7.55 .65 .oo .oo 
2C 19.80 .524 17.49 -5.669 2.21 -.98 .704 7.73 .65 ~00 .oo 
3C 19.60 .522 17.46 -5.972 2.04 -.82 .714 7.73 .ss .00 .oo 
4C 18.70 .516 16.86 -6.605 1.i( -.37 .726 7.41 .52 .oo .oo 
5C 20.00 .527 18.10 -6.685 1. 7 7 -.54 .736 8.21 • 91 .oo .oo 
1'\r. 19.RO •. 1 2 ,'; 1 7 • 7 1 -1'\.1.'\7 1 • q R -.74 .77.0 7. q 1 • C)l .no .on 
7C 18.90 .513 16.56 -5.445 2.30 -1.07 .693 7.10 .4Q .oo .oo 
8C 19.80 .52J 17.60 -5.820 2. 12 -1.11 .717 7.85 .78 .oo .oo 
9C 19.00 .523 16.27 -4.659 2.97 -2.70 .683 7.17 .55 .oo .oo 
10C . 19.30 .523 16.91 -5.342 2.41 -1.50 .699 7.47 .52 .oo .oo 
11C 19.30 .520 16.75 -5.117 2.55 -1.50 .686 7.28 .52 .oo .oo 
1S ·19.80 .531 17.69 -5.990 2.07 -1.17 • 7 25' 8.07 .91 . ~ 00 .oo 
2S -19.30 .528 17.52 -6.789 1.74 -.72 .744 8.02 • 9 1 .oo .oo 
3S .19.80 • 529 17.91 -6.663 1.78 -.56 .736 8.15 .91 .oo .oo 
4S 19.90 .529 17.97 -6.490 1.85 -.82 .737 8.20 • 91 .00 .oo 
5S 19.80 .523 16.83 -4.526 3.09 -2.55 .672 7.36 .65 .oo .oo 
1T.* 18.70 • 519 16.14 -6.404 1. 85 3.70 .604 6.20 .39 .oo .oo 
2'1' 19.00 .517 17.14 -6.547 1.79 -.~5 ./30 /.SH .52 .uo .oo 
3T 19.30 .520 17.30 -6.175 1. 95 -.92 .726 7. 71 .65 .oo .oo 
4T. *. 18.70 • 519 15.93 -4.440 3.20 -3.66 .687 7.05 .so .oo .oo 
5T 18.40 .514 16.22 -5.641 2.20 -1.01 .701 7.01 .40 .oo .oo 

AVERAGES: 00820 BASELINE W199 00 OQO 
21.36 .549 19.45 -7.021 1.75 -.58 .748 9.27 3.64 .00 .oo 

STD .08 .001 .18 .783 .25 .39 .014 .16 .39 * * 
00820 W225MN009 (S.SE15) 

19.39 .523 17.23 -5.921 2.13 -1.07 .714 7.66 .67 .oo .oo 
STD .45 .005 .54 .656 • .'38 .61 .020 .37 • 18 * * 

PERCENT OF BASELINE 
90.8 95.2 88.6 115.7 122 17.2 95.5 82.6 18.5 ***** ***** 

STD% 2.5 1.1 3.6 19.8 42 295.3 4.5 5.4 7.5 ***** ***** 
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01002 W227CR010 POLY Wl99 00 000 
SOL18 6 /19/81 AMI: P0=91.60HW/Ct1''2 NO AR COATING 

ID ISC voc IP LOG(IO) N R FF Eff OCD PCDa PCDb 

3R* 22.10 .547 19.59 -5.634 2.30 -1.23 .715 9.14 .oo .oo .oo 
lB.* 21.80 .526 18.10 -4.258 3.38 -1.67 .632 7.66 • 9 1 .oo .oo 
2B.* 21.70 .528 18.31 -4.474 3.14 -1.74 .653 7.91 1. 30 .oo .oo 
3B 21.80 .544 19.84 ~6.982 1. 71 -.34 .742 9.31 3.90 .oo .oo 
4B.* 21.90 .532 18.60 ..J.'4. 5 35 3.09 -1.97 .665 8.19 1.69 .oo .oo 
SB.* 21.80 .532 18.86 -4.978 2.68 -1.44 .682 8.37 2.08 .oo .oo 
lC ·15.60 .471 13.07 -4.534 2.88 -1.98 .641 4.98 .39 .oo. .oo 
2C 15.60 .463 13.09 -4.719 2.66 -.87 .631 4.82 1. 95 • 00. .oo 
3C ' 16.20 .478 14.11 -5.508 2.15 -.46 .675 5.52 .25 .oo .oo 
4C 16.20 .467 13.73 -4.953 2.47 -.36 .638 5.10 .• 2 0 .oo .oo 
5C 16.90 .480 14.52 -5.148 2.38 -.63 .659 5.65 .24 .oo .oo 
7C 15.90 .467 13.58 -5.133 ·2. 34 -.23 .646 5.07 .20 .oo .oo 
8C.* 15.10 .451 11.33 ~3.301 5.04 -5.53 .552 3.97 .16 .oo .oo 
9C 15.50 .469 13.54 -5.661 2.03 -. 18 .674 5.18 .24 .oo .oo 
lOC 15.70 .473 13.80 -5.915 1. 92 .14 .679 5.34 .52 .oo .oo 
llC '16.30 .471 13.99 -5.183 2.32 -.43 .655 5.32 .26 .oo .oo 
lS ·'15.40 .476 13.58 -5.941 1. 93 -. 15 .687 5.33 .20 ~00 .oo 
2S ·'16.90 .482 14.61 -5.206 2.34 -.96 .671 5.78 .24 .oo .oo 
3S 15.80 .468 13.51 -5.086 2.38 -.60 .652 5.09 .23 • 00 . .oo 
4S '16.00 .476 13.94 -5.540 2.12 -.42 .675 5.43 .20 .oo .oo 
ss 15.80 .472 13.78 -5.592 2.08 -.32· .675 5.32 .20 .oo ~00 

6S 15.70 .464 13.33 -4.958 2.46 -.57 .642 4.95 • 16 • 00 . .·oo 
lT 16.20 .481 13.90 -5.154 2.39 -.57 .656 5.41 .18 .oo .oo 
2T.* 14.70 .436 10. 11 -3.314 4.87 .45 .448 3.04 .13 .oo .oo 
3T.* 15.10 .450 10.88 -3.092 5.81' -6.08 .518' 3.72 .30 .oo .oo 
4T.* 15.40 .455 11.48 .;.3.254 5.22 -5.55 .546 4.04 • 17 .oo .oo 
ST.* 14.80 .428 10.10 -3.294 4.83 • 7 1 .441 2.96 1.30 .oo .oo 
6T 16.10 .468 13.64 -4.926 2.49 -.53 .640 5.10 .40 .oo .oo 

AVERAGES: 01002 BASELINE Wl99 00 000 
21.80 .544 19.84 -6.982 1. 71 -.34 .742 9.31 3 .• 90 .oo .oo 

STD .oo .ooo .oo .ooo .oo .oo .ooo .oo .oo * * 
01002 W227CR010· POLY 

15.99 .472 13.75 -5.244 2.31 -.54 .659 5.26 .36 • 00 . .• 00 
STD .42 .006 .41 .383 .25 .44 .017 .25 • 41 '* * 

PERCENT OF BASELINE· 
73.3 86.8 69.3 124.9 135· 40.9 88.7 56.5 9.1 ***** *'**** 

STD% 1.9 1.0 2. 1 5.5 14 131.3 2.3 2.7 10.5 ***** ***** 
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SOL19 6 /19/81 

01020 W228GD001 Wl98 00 000 
SOL19 6 /19/81 AMl: P0=91.60MW/CW'2 NO AR COATING 

ID ISC voc IP LOG(IO) N R FF Eff OCD PCDa PCDb 

3R* 22.10 .547 19.70 -5.846 2.18 -1.12 .722 9.23 .oo .oo .oo 
lB.* 21.50 .540 18.50 -4.775 2.90 -2.00 .683 8.38 2.34 .oo .oo 
2B.* 21.80 .555 18.86 -4.739 3.01 -2.77 .702 8.98 2.73 .oo .oo 
3B.* 21.80 .531 18.24 -4.382 3.26 -1.57 .640 7o 83 .65 • 00, .oo 
4B.* 21.60 .536 18.42 -4.580 3.07 -2.14 • 6 7 2' 8.23 1.82 .oo .oo 
5B.* 21.90 .544 19.08 -5.027 2.70 -1.98 .701 ,8. 84 2.34 .oo. .oo 
lC 21.50 .547 19.23 -5.948 2.13 -1.24 .729 9.07 3.12 .oo .oo 
2C 21.50 .544 18.60 -4.850 2.86 -2.18 .693 8.57 2.86 .oo .oo 
3C 22.00 .534 18.22 -4.070 3.69 -2.72 .643 7.98 1.20 .oo .oo 
4C 21.90 .539 18.63 -4.500 3.17 -2.32 .672 8.38 2.08 .oo .oo 
sc 22.00 .536 18.4'• -'•-2211 3. I, 9 -2.67 .657 8.19 1. 82 .oo .oo 
6C 21.70 .536 18.52 -4.569 3.08 -2.25 .675 8.30 .65 .00 .oo 
7C 21.80 .539 19.11 -5.277 2.49 -1.47 • 7 02 8.72 2.21 .oo .oo 
sc 22.10 .540 18. 4'5 -4.174 3.58 -2.65 .651 8.22 1.43 .oo .oo 
lS 21.70 .536 18.18 ~4. 24,1 3.47 -2.60 .655 8.06 1.56 .oo .oo 
25 22.20 .542 19.00 -4.658 3.01 -1.95 .675 8.59 1. 69 .oo .oo 
3S 21.70 .539 18.59 -4.614 3.05 -2.40 .683 8.44 1.95 .oo .oo 
4S 21.70 .549 19.53 -6.311 1 .,9 7 -.78 .731 9.21 3.64 .oo .oo 
lT.* 22.00 .550 18.56 -4.260 3.53 -3.10 .671 8.58 2.34 .oo .oo 
2T 21.60 .545 19.09 -5.543 2.35 -1.34 .712 8.87 3.00 .oo .oo 
3T 21.80 .531 17.82 -3.963 3.85 -2.44 .622 7.62 1. 30 .oo .oo 
4T 21.90 .541 19.07 -5.028 2.68 -1.88 .699 8.75 2.34 .oo .oo 
5T 21.70 .544 19.39 -5.948 2 .1.2 -1.07 .725 9.05 3.25 .oo .oo 
6T 21.90 .538 18.48 -4.365 3.32 '-2. 40 .662 8.25 1.82 .oo .oo 

AVERAGES: 01020 BASELINE Wl98 00 000 
NO BASELINE 

01020 W228GD001 
21.81 .540 18.73 -4.840 2.96 -2.02 .682 8.49 2.11 .oo .oo 

STD • 19 .005 .45 .702 .57 .60 .031 .42 .80 * * 
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011IO W229AUOOI WI98 00 000 
SOLIS 6 /I9/8I AMI: P0=9I.60HW/CHA2 NO AR COATING 

ID ISC voc IP LOG(IO) N R FF Eff OCD PCDa PC Db 

3R* 22.IO .559 I9.45 -5.3I8 2.55 -I.75 .7I2 9.3I .oo .00 .oo 
IB* 21.90 .544 I7.06 -3.297 5.52 -5.23 .597 7.52 1. 82 .oo .oo 
2B.* 22.00 .552 I9.3I -5.225 2.58 -I.86 .7IO 9.I2 3.00 .oo .oo 
3B.* 22.IO .547 I9.05 -4.750 2.95 -2.23 .689 8.8I 2.2I .oo .oo 
4B 22.IO .552 I9.96 -6.387 1. 95 -.96 .74I 9.56 3.25 .oo • 00 
SB.* 2I.90 .550 I9.26 -5.267 2.55 -1.89 .7I4 9.09 3.I2 .oo • 00 
IC I7.60 .505 I4.96 -4.687 2.88 -2.02 .662 6.22 .40 .oo .oo 
2C I8.20 .508 I5.59 -4.828 2.75 -I.87 .672 6.57 .40 .oo .oo 
3C I7.90 .509 I5.7I -5.526 2.25 -I.07 .695 6.70 .40 .oo .oo 
4C ·I 7. 4 0 .505 I5.09 -5.400 2.32 -.36 .668 6.2I .43 .oo .oo 
sc I8.IO .505 I5.57 -5.006 2.58 -I.30 .669 6.47 .40 .oo .oo 
6C -!8.IO .498 IS.OS -4.390 3.I4 -I.68 .63I 6.0I .33 .oo .oo 
7C I8.IO .503 I5.43 -4.756 2.79 -I.76 .663 6.39 .42 .oo .oo 
8C I7.80 .498 IS.OO -4.570 2.95 -I.79 .648 6.08 .30 .oo .oo 
9C I7.90 .506 I5 .. 48 -S.IOO 2.52 -I.44 .679 6.50 .43 .oo .oo 
IS I8.IO .SIO I5.78 -5.287 2.40 -I.-4I .690 6.74 .so .00 .oo 
2S I8.30 :so a I5.64 -4.774 2.79 -I.92 .669 6.58 .34 .oo • 00 
3S I8.40 .SIO I6.I8 -5.576 2.22 -I.03 .698 6.92 • 4 3 .oo .oo 
4S ·IS. I 0 .SII I5.73 -5.325 2.38 -.84 .677 6.63 .43 .oo .oo 
ss 2I.20 .5I3 I8.6I -5.39I 2.3I -I.I6 .699 8.04 .so .oo .oo 
6S I8.20 .503 IS.SO -4.82I 2.73 -I •. 2 8 ~656 6.35 .33 .oo .oo 
1T .1 7. 40 .450 13.26 -3.911 3.49 1.09 .5I7 4.28 .20 .oo .oo 
2T I7.40 .496 I4.63 -4.528 2.99 -2.00 .648 5.92 .40 .00 .oo 
3T I7.60 .507 I5.61 -5.879 2.05 -.94 .709 6.69 .65 .oo .oo 
4T I7.40 .soo I4.50 -4.349 3.22 -2.39 .64I 5.90 .30 .oo .oo 
ST 17.40 .496 I4.69 -4.65I 2.86 -1.60 .649 5.92 3.00 0. 00 .oo 
6T I7.80 .506 I5.68 -5.632 2.I8 -I.04 .700 6.66 .so .oo .oo 

AVERAGES: OillO BASELINE WI98 00 000 
22.10 .552 I9.96 -6.387 l. 95 -.96 .741 9.56 3.25 .oo .oo 

STD .oo .000 .oo .ooo .oo .oo .000 .oo .oo * * 
0 IIIO W229AU001 

18.02 .502 15.42 -4.971 2.66 -1.32 .664 6.37 .53 .oo .oo 
STD .78 .OI3 .94 .490 .37 .72 .039 .65 .56 * * 

PERCENT OF BASELINE 
81.5 91.0 77.2 I22.2 136 62.5 89.6 66.6 16.2 ***** ***** 

STD% 3.5 2.3 4.7 7.7 19 74.3 5.3 6.8 17.2 ***** ***** 
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01112 W230AL003 Wl98 00 000 
SOL19 6 /19/81 AHl: P0=91.60HW/CU"2 NO AR COATING 

ID· ISC voc IP LOG(IO) N R FF Eff OCD PCDa PC Db 

c 

3R* 22.10 .554 19.53 -5.451 2.44 -1.61 .716 9.27 .oo .oo .oo 
lB.* 21.60 .548 18.92 -5.211 2.58 -1.74 .705 8.82 2.47 .oo .oo 
2B 21.70 .552 19.82 -7.135 1. 69 

\ 
-.43 .750 9.50 3.90 .oo .oo 

3B 21.80 .547 19.57 -6.198 2.01 -.83 .728 9. 19 3.12 .oo .oo 
4B*. 21.80 .539 18.69 -4.657 3.01 -2.19 .681 8.46 1. 82 .oo .00 
lC 15.90 • 515 13.67 -5.122 2. 59 -1.07 .663 5.75 .40 .oo .oo 
2C 15.80 .497 13.40 -4.980 2.61 -.39 .639 5.30 .26 .oo .oo 
3C 15.70 .502 13.18 -4.673 2.92 -1.28 .635 5.29 .26 .oo .oo 
4C. 15.50 .492 12.84 -:4.457 3.10 -1.53 .n2?. .'i. 0 2 .?.n .oo .oo 
sc 16.50 .512 14.56 -5.898 2.08 -.35 .692 6.18 .30 .oo .oo 
6C 16.10 .502 13.84 -5.247 2. 4.1 -.13 .655 5.60 .30 • 00 .oo 
7c 16.80 .495 14.11 ~4.813 2.72 -.20 .62.J .J.49 .20 .oo .oo 
8C 16.30 .501 13.98 -5.180 2.47 -.40 .653 5.64 .24 .oo .oo 
9C ·1 5. 50 .514 13.75 -6.053 2.02 -.56 .702 5.92 .33 .oo .oo 
lOC 15.60 .502 13.41 -5.166 2.50 -.84 .661 5.47 .30 .oo .oo 
l.t' c 15.50 .499 1 3. 18 -4.996 2.62 -.63 .644 5.27 .26 .oo .oo 
IS 16.20 .509 13.85 -4.963 2.68 -1.29 .659 5.75 .26 .oo .oo 
2S· 15.40 .525 14.13 -7.844 1. 45 .31 .745 6.37 .40 .oo .oo 
3S 15.40 .492 12.86 -4.670 2.88 -.81 .624 s.oo .26 .oo .oo 
4S 15.50 .508 13.37 -5.203 2.50 -1.13 .669 5.57 .30 .oo .oo 
ss. 15.50 .519 13.88 -6.447 1. 8 7 -.25 .712 6.06 .43 .oo .oo 
IT .15.50 .527 13.98 -6.668 1. 81 -.so .727 6.28 .44 .oo .oo 
2T 16.40 • 4 7 1 13.52 .:..4.607 2.79 .20 .599 4.89 .30 .oo .oo 
3T. '15. 3 0 .493 12.68 -4.614 2.94 -.47 .612 4.88 .26 .oo .oo 
4T 15.40 .455 12.56 -4.554 2.77 .59 .584 4.33 • 2 1 .oo .oo 
ST. 15.20 .494 12.77 -4.818 2.75 -.54 .629 4. 9.9 • 31 .oo .oo 

AVERAGES: 01112 BASELINE W198 qo 000 
21.7 5 .550 19.70 .. 6.666 1 • 8.5 -.63 .739 9.34 3.51 .oo .oo 

STD .05 .002 • 1 2 .468 • 16 .20 • 0 11 • 1 6 .39 * * 
01112 W230AL003 

15.76 .501 13.50 -5.284 2.50 -.ss .655 5.48 .30 .oo .oo 
STD .44 .016 .54 .829 • 41 .52 .041 .51 .07 * * 

PERCENT OF BAS.ELINE 
72.5 91.2 68.5 120.7 135 113.2 88.6 58.6 8.5 ***** ***** 

STD% 2.2 3.4 3.2 18.9 36 137.2 . 6. 9 6.5 3.0 ***** ***** 
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OI2I6 W23IMNOII (2.5EI4) WI99 00 000 
SOLIS 6 /I9/8I .AMI: P0=9I.60MW/CM"2 NO AR COATING 

ID I SC · voc IP LOG(IO) N R FF Eff OCD PCDa PC Db 

3R* 22.IO .559 I9.52 -5.4IO 2.49 -I.76 .7I8 9.38 .00 .oo .oo 
IB 21.50 .552 I9.46 -6.862 1. 78 • I I .724 9.08 3.00 .oo .oo 
2B 22.00 .555 I9.92 -6.652 1. 86 -.54 • 7 3 7 . 9.52 3.90 .oo . oo. 
3B* 21.50 .543 I9. 0 2 -5.747 2.22 -.65 .70I 8.66 2.34 .oo .oo 
4B 2I.90 .55I I9.83 -6.849 I.77 .OI .726 9.27 3.64 .oo .oo 
5B 21.50 .548 I9.63 -7.543 1. 56 • 6 I .728 9.08 3.64 .oo .oo 
IC I9.30 .52 I I6.86 -5.887 2.09 1. 0 I .657 6.99 .78 .oo .00 
2C 20.00 .525 I7.63 -6.020 2.03 .57 .676 7.50 • 9 I .oo .oo 
3C . I9.90 .523 I7.8I -6.403 I.86 .08 .706 7.77 .9I .00 .00 
4C I9.IO .526 I7.02 -6.4I6 1. 87 .60 .69I 7.34 .9I .oo .oo 
5C I8.60 .5I3 I6.43 -6.0I9 2.00 .24 .684 6.9I .60 .oo .oo 
6C I9.30 • 5 I I I6·. 7 2 -5.288 2.39 -.48 .668 6.97 .46 .oo .oo 
7C I9.20 .5I5 I6.89 -5.868 2.07 .22 .679 7. I.O .52 .oo .oo 
8C I9.40 .520 I7. 2I -6.I72 1. 95 .36 .688 7.34 .9I .oo .oo 
9C I9.70 .5I5 I7.30 -5.6I8 2.20 -.47 .687 7.37 .65 .oo .oo 
IOC ·2 o. oo .523 I7.33 -5.2IO 2.49 -.77 .673 7.44 • 7 8 .oo .oo 
IIC I9.60 .523 I7.I7 -5.53I 2.28 -.60 .686 7.43 .78 .oo .oo 
I2C I9.20 .5I8 I7.03 -5.954 2.04 -.40 .700 7.37 .78 .oo .oo 
IS 20.30 .525 I7.67 -5.484 2.3I -.05 .668 7.53 .85 .oo .00 
2s 20.40 .527 I7.84 -5.470 2.33 -.59 .683 7.77 .9I .oo .oo 
3S I9.90 .523 I7 .I9 -5.246 2.46 -.3I .662 7.28 .9I .00 .00 
4S I9.90 .523 I7.38 -5.572 2.26 -.IO .674 7.42 .9I .oo .oo 
5S I9.30 .5I9 I7.I4 -5.907 2.07 -.72 .708 1.50 .78 .oo .oo 
6S I9.70 .522 I7.38 -5.6I4 2.23 -I.06 .704 7. 6 5· .78 .oo .oo 
IT I9.30 .52 I I6.87 -5.64I 2.22 .03 .673 7.I6 .72 .oo .oo 
2T 20.00 .526 I7.8I -6.0I2 2.04 -.6I .7II 7.90 I.OO .00 .oo 
3T I9.IO .5I7 I6.53 -5.249 2.45 -.59 .668 6.98 .52 .oo .oo 
4T I9.20 .520 I6.16 -4.878 2.75 .28 .62I 6.56 .78 .oo .oo 
5T I9.40 .5I7 I7.I3 -5.749 2. I4 -.62 .697 7.40 .65 .oo .00 
6T I9.70 .523 I7.53 -5.97I 2.05 -.69 • 711 7.74 .9I .00 .00 

AVERAGES: OI2I6 BASELINE WI99 00 000 
2I.73 .552 I9.7I -6.977 l. 74 .05 .729 9.24 3.55 .oo .oo 

STD .23 .002 .IS .337 • I I • 4I .005 .IS .33 * * 
OI2I6 W23IHNOII (2.5EI4) 

I9.56 .52 I 17.I7 -5.7I6 2.I9 -.20 .682 7.35 .78 .00 .oo 
STD .42 .004 .43 .378 • 2 I .52 .020 .3I • I4 * '* 

PERCENT OF BASELINE 
90.0 94.4 87.I II8. I I26 ***** 93.6 79.6 22.0 ***** ***** 

STD% 2.9 1.2 1.0 9.6 2I ***** 3.4 s.o 6.5 nitin'tw w'k'k'k'k 
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10214 W232N/TI001 (1E13) W176-00-000 
SOL19 6 /19/81 AM1: P0=91.60HW/CHA2 NO AR COATING 

ID ISC voc IP LOG(IO) N R FF Eff OCD PCDa PC Db 

3R* 22.10 .553 19.59 -5.583 2.35 -1.45 .719 9.29 .oo .oo .oo 
1B 21.10 .566 19.66 -8.714 1. 34 -.11 .781 9.86 9.50 .oo .oo 
2B* 15.20 .479 12.47 -4.627 2.85 .53 .591 4.55 .65 .oo .oo 
3B 21.80 .564 20. 39 -9.413 1. 22 • 5 1 .775 10.07 10.40 .oo .oo 
4B 21.70 .563 20.12 -8.613 1. 35 .57 .757 9.77 10.40 .oo .oo 
SB 21.10 .562 19.65 -8.607 I. 35 -.20 .782 9.80 9.80 .oo .oo 
6B 20.90 .560 19.32 -7.909 1. so -.49 .774 9.58 8.06 .oo .oo 
1C 20.30 .491 17.47 -4.924 2.54 -1.33 .674 7.10 3.38 .oo .oo 
2C.* 20.70 .494 15.02 -4.328 3.12 5.80 .444 4.80 3.38 .oo .oo 
3C 20.90 .494 19. 12 -7.722 1. 37 .68 .729 7. 96 4.94 .oo .oo 
4C 20.70 .494 18.74 -6.953 1. 57 .22 .722 7.81 5.20 .oo .oo 
'\C: 20.70 .494 18.89 -7.510 1. 41 .53 • 7 2 I) l.HH 4 .·4:! .oo .oo 
6C 20.70 .492 18.88 -7.370 1. 45 .32 .732 7.88 4.16 .00 .oo 
7C 20.90 .492 19.10 -7.553 1. 40 .46 .732 7.96 5.33 .oo .oo 
8C 21.20 .493 19.03 -6.813 1. 60 • 8 7 .694 7.68 5.20 .00 .oo 
1S 20.80 .496 19.01 -7.629 1. 39 .60 .729 7.96 5.46 .oo .oo 
3S.* 16.40 .493 10. 6 7 -6.374 1. 7 9 16.75 .350 2 •. 9 9 1. 69 .oo .oo 
4S* 13.30 .490 7.88 -4.533 3.08 19.14 .323 2.23 1.82 .oo .oo 
SS.* 15.20 .491 9.23 -7.447 1.46 21.52 .318 2.51 1.95 .oo .oo 
6S.* 17.80 .489 11.45 -4.582 2.88 12.09 .360 3.31 3.64 .oo .oo 
1T.* 20.80 .492 15.24 -4.257 3.19 5.09 .454 4.91 3.12 .oo .oo 
3T 21.00 .491 18.97 -7.071 1. 52 .79 .706 7.70 4.42 .oo .oo 
ST 20.50 .490 18.65 -7.212 1. 48 .22 .730 7.75 4.55 0 

• 00 .oo 
6'1' 20.70 .491 18.81 -7.158 1.50 .24 .720 7.02 4.94 .oo .oo 

AVERAGES: 10214 BASELINE W176-00-000 
21.32 .563 19.83 -8.651 1:35 .06 .773 9.82 9.63 .oo .oo 

STD .36 .002 .38 .477 .09 • 41 .009 .16 .86 * * 
10214 W232N/TI001 (1E13) 

20.76 .493 18.79 -7.084 1. 57 .33 .7i8 7.77 4.73 .oo .oo 
STD .23 .002 .44 .737 • 3 2 .57 .018 .23 .59 * * 

PERCENT OF BASELINE 
97.4 87.5 94.8 118. 1 116 585.7 92.9 79.2 49.1 ***** ***** 

STD% 2.7 .6 4. 1 13.5 33 ***** 3.5 3.7 11.0 ***** ***** 
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10216 W233CR012 (2E14) W198 00 000 
SOL19 6 /19/81 AM1: P0=91.60MW/CH'"2 NO AR COATING 

ID ISC voc IP LOG(IO) N R FF Eff OCD PCDa PCDb 

3R* 22 olO .554 19.43 -5.274 2.56 -1.83 .713 9.23 .oo .oo .oo 
1B 20.40 .554 18.73 -7.508 1. 59 -.36 .758 9.06 4.42 .oo .oo 
2B* 23.20 .481 20.72 -4.534 2. 77 -6.79 .855 10.10 3.38 .oo .oo 
3B 21.90 .553 19.85 -6.584 1. 88 -.89 .746 9.55 -4. 9 4 .oo .oo 
4B 21.60 .551 19.42 -6.100 2.08 -1.40 .741 9.33 3.64 .oo .oo 
6B.* 21.50 .547 18-. 13 -4.866 2.86 .26 .624 7.76 3.00 .oo .oo 
1C 20.10 .sso 18.19 -6.578 1.88 -.85 .741 8.66 3.25 .oo .oo 
2C 19.70 .543 17.76 -6.482 1. 90 -.67 .731 8.27 2.21 .00 .oo 
3C • J 21.00 .550 19.20 -7.246 1. 65 -.31 .749 9.15 3.00 .oo .oo 
4C 20.40 .543 18.51 -6.855 1. 7 6. -.33 .736 8.62 1. 82 .oo .oo 
sc 21.50 .554 19.90 -8.219 1.41 .as .764 9.63 4.42 .oo .oo 
6C 21.40 .554 19.85 -8.436 1.3 7 .12 .767 9.62 4.55 .oo .oo 
7C 19.70 .545 17.76 -6.376 1. 95 -1.01 .737 8.37 2. 60. .oo .oo 
8C 21.60 .554 19.91 -7.881 1. 49 .oo .758 9.59 4.29 .oo .oo 
9C 20.60 .543 18.95 -7.838 1. 4 7 • 16 .751 8.88 2.21 .oo .oo 
10C 21.00 .546 19.21 -7.292 1. 62 -.33 .751 9. 11 3.00 .oo .oo 
1S 21.20 .553 19.64 -8.375 1.38 .20 .763 9.46 3.64 .oo .oo 
2S 21.40 .556 19.89 -8.608 1.34 .10 .772 9.71 4.81 .oo .oo 
3S 19.90 .550 18.28 -7.506 1. 58 -.49 .761 a .-s1 3.25 .·oo .oo 
ss 20.20 .549 18.36 -6.767 1. 81 -.88 .749 8.79 3.90 .oo .oo 
6S 21.40 .551 19.83 -8.303 1. 39 .oo .768 9.58 4.29 .oo .oo 
1T 22.50 .552 20.59 -7.433 1. 59 .OS .744 9.77 3.00 .oo .oo 
2T 21.00 .551 19.16 -7.018 1. 72 -.67 .753 9.21 3.25 .oo .oo 
3T 20.20 .550 18.43 -7.007 1. 73 -.79 .755 8.87 3.64 .oo .oo 
4T 20.90 .550 19.26 -7.806 1.50 -.18 .761 9.25 3.12 .oo .oo 
ST 21.50 .551 19.79 -7.666 1. 53 -.25 .760 9.52 3.90 .oo .oo 
6T 21.10 .548 19.33 -7.347 1. 61 -.36 .754 9.22 3.00 .oo .oo 

AVERAGES: 10216 BASELINE W198 oo·ooo 
21.30 .553 19.33 -6.731 1.85 -.88 .748 9.31 4.33 .oo .oo 

STD .65 .001 .46 .584 .20 .42 .007 .20 .53 * * 
10216 W233CR012 (2E14) 

20.87 .550 19.13 -7.478 1.60 -.31 .754 9.15 3.39 .oo .oo 
5TD .71 .004 .77 .o59 • 18 .37 • 011 .44 .80 * * 

PERCENT OF BASELINE 
98.0 99.5 99.0 88.9 87 165.1 100.7 98.2 78.2 ***** ***** 

STD% 6.4 .9 6.5 20.3 20 79.6 2.4 7.0 30.3 ***** ***** 
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10528 W234-M0-010 
ROSE2 6 /19/81 AMI: P0=91.60HW/CM"2 NO AR COATING 

ID ISC voc IP LOG(IO) N R FF Eff OCD PCDa PCDb 

3R* 22.10 .548 19.37 -5.578 2.33 -.24 .681 8.72 .oo .oo .oo 
lC 19.80 .524 18.23 -7.924 1. 41 .20 • 7 51 8.24 1.11 .oo .oo 
2C 19.60 .523 17.88 -7.222 1. 58 -.13 .741 8.04 1. 3 7 .oo .oo 
3C 19.60 .522 17.87 -7.212 1. 58 -. 13 .741 8.02 1.11 .oo .oo 
4C 19.60 .524 17.94 -7.529 1. 50 • 1 2 .743 8.07 1. 33 .00 .oo 
5C 19.60 .523 17.97 -7.800 1. 43 • 5 1 .738 8.00 1.04 .00 .oo 
6C 19.10 .520 17.49 -7.490 1. 51 -.02 .746 7.84 .44 .oo .oo 
7C 19.30 .524 17.61 -7.230 1.59 -.22 .744 7.96 1. 33 .oo .oo 
8C 19.60 .524 17.89 -7.315 1.56 .oo .740 8.04 1. 30 .oo .oo 
9C 19.J0 .524 17.84 -7.'120 1. 53 -.05 .745 8.05 1. 3 7 .oo .oo 
10C 19.30 .522 17.61 -7.209 1. 59 -.22 .744 7.92 1. 11 .oo .oo 
llC 19.50 .';24 17.85 -7.505 1. 51 .OR .744 8,03 1. 3 7 .00 .oo 
12C 19.40 • 52 2 11.71 -7.3.53 1. 55 .OG .740 1.92 1. 30 .oo .oo 
13C 19.40 .524 '1 7 • 7 7 -7.578 1.49 • 1 7 .743 7.98 1. 37 .oo .oo 
lB 21.10 .547 19.51 -8.175 1. 41 .09 .762 9.30 3.38 .oo .oo 
2B 21.00 .546 19.38 -7.930 1.46 -.11 .762 9.24 3.25 .oo .oo 
3B. 21.10 .547 19.54 -8.409 1.36 .29 .761 9.29 3.64 .oo .oo 
4B 21.20 .547 19.50 -7.777 1. 50 .04 • 7 53 9.24 3.77 .oo .oo 
lT 19.30 .522 17.62 -7.282 1. 57 -.09 .742 7.91 1.04 .oo .oo 
2T 19.20 .520 17.38 -6.824 1. 70 -.16 .729 7.70 1.11 .oo .oo 
3T 19.10 .520 17.40 -7.143 1.60 -.23 .742 7.79 1.17 .oo .oo 
4T 19.10 .520 17.41 -7.209 1. 58 -.11 .740 7.77 1. 11 .oo .oo 
5T 19.20 .520 17.53 -7.2 80. 1. 56 -.11 .742 7.84 1. 11 .oo .oo 
6T 19.00 .519 17.28 -7.023 1.64 -.34 • 7 41 7.72 1.04 .oo .oo 
13 19.70 .525 17.93 -7.066 l.fi4 -.21 .739 8.08 1.43 .oo .oo 
2S 19.50 .524 17.79 -7.220 1. 59 -.17 .742 8.02 1.37 .oo .00 
3S 19.50 .524 17.75 -7.108 1. 62 -.15 .738 7.98 1.30 .oo .oo 
4S 19.30 .523 17.57 -7.0£1.5 I. ll4 -~33 .742 7.92 1.37 .oo .00 
ss 19.50 .524 17.82 -7.465 1. 5l .22 .738 7.97 1.4J .00 .oo 
6S 19.30 .523 !7.62 -7.293 1. 57 -.09 .742 7.92 1.37 .oo .oo 

AVERAGES: 10528 BASELINE 
21.10 .5'17 19.48 -8.07~ 1. 43 .08 .760 9.27 3.51 .oo .oo 

STD .07 .ooo .06 .240 .• 0 5 .15 .004 .03 .21 * * 
10.):.!8 W234-H0-010 

1q.4o .523 17.71 -7.310 1.56 -.06 .741 7'. 9 5 1. 22 .oo .oo 
STD .21 .002 .22 .238 .06 .19 .004 .1l .:u * " PERCENT OF BASELINE 

91.9 95.6 90.9 109.4 109 -72.8 97.6 85.8 34.6 ***** ***** 
STD% 1.3 .4 1.4 5.7 9 841.8 1.0 1.6 e.J ***** ***** 
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10421 W235N/V001 (1 •. 5El4) Wl76 00 000 
SOL19 6 /19/81 AMI: P0=91.60MW/Cl1A2 NO AR COATING 

iD ISC voc IP LOG(IO) N R FF Eff OCD PCDa PC Db 

3R* 22.10 .552 19.54 -5.555 2.36 -1.28 .712 9.19 .oo .oo .oo 
lB.* 15.40 .471 10.39 -3 •. 52 9 4.56 4.43 .418 3.21' 1.43 .oo .oo 
2B 21.10 .562 19.53 -8.310 1. 41 .22 .761 9.55 9.88 .oo .oo 
3B.* 6.70 .385 4.41 -3.516 4.72 1. 85 .419 1.14 .59 .oo .oo 
4B 21.30 .556 19.62 -8.065 1.45 .52 .745 9.33 9.88 .oo .oo 
5B 21.00 .563 19.53 -8.677 1.34 .15 .772 9.65 10.66 .oo .oo 
IT 21.40 .500 19.48 -7.851 1.35 1.48 .704 7.96 9.62 .oo .oo 
2T 21.10 .494 19.01 -7.319 1.46 1.59 .685 7.56 7.28 .oo .oo 
3T 20.90 .499 19 0 21 -8.182 1.28 .95 • 7 31 8.06 8.32 .oo .oo 
4T.* 16.70 .469 11.39 -3.470 4.60 3.28 .428 3.55 2.73 .oo .oo 
5T 20.50 .485 15.84 -4.233 3.18 2.55 .513 5.39 5.98 .oo .00 
6T 20.70 .495 18.98 -8.045 1.30 1. 01 .726 7.86 7-.80 .oo .oo 
lS 21 .,40 .502 19.65 -8.519 1 •. 2 2 1. 65 .713 8.10 10.66 .oo .oo 
2S 21.30 .500 19.62 -8.662 1.19 1. 4 7 .723 8.14 8.58 .oo .oo 
3S 21.20 .496 19.52 -8.684 1.18 1. 55 .720 8.01 8.32 .oo .oo 
4S 20.60 .494 18.95 -8.184 1. 2 7 0 81 .736 7 .• 9 2 9.10 .oo ;oo 
5S 21.10 .496 18.92 -7.127 1. 52 1.68 .677 7.49 8.84 .oo .oo 
6S 20.70 .491 17.63 -4.822 2.61 -.80 .651 7.00 4.94 .oo .oo 
lC 21.30 .495 17.98 -5.421 2.21 2.18 .596 6.64 7. 80 ."00 .oo 
2C 20.30 .479 15.37 -4.0()7 3.37 2.69 .496 5.10 4.42 .oo .oo 
3C 20.70 .494 18.93 -7.868 1. 33 1. 02 .721 7.80 7.28 .oo .oo 
4C 20.40 .482 15.23 -3.906 3.63 2.45 .488 5.08 3.90 .• 00 .oo 
5C 20.90 .498 18.99 -7.744 1. 3 7 1. 53 .700 7.70 7.80 .oo .oo 
6C 2-0 0 90 .496 18.54 -6.840 1. 61 2.09 .655 7. 18 7.93 .oo .oo 
7C 21.10 .500 19.46 -8.561 1. 21 1 .17 .732 8.16 10.92 .oo .oo 
8C 21.00 .497 1 9 0 11 -7.754 1.37• 1.39 .705 7.78 8.58 .oo .oo 
9C 20.80 .496 19.10 -8.264 1.26 1.19 .[25 7.91 9.10 .oo .oo 
lOC 20.60 .497 18.95 -8.393 1 0 2 4. 1.19 .728 7.88 8.06 .oo .oo 
llC 20.70 .493 18.26 -6.392 1. 7 5 1. 52 ·658 7.11 6.50 .oo .oo 
12C 20.70 .496 18.93 -7.893 1. 33 1.02 .722 7.84 7.80 .oo .oo 
13C 20.70 .500 19.06 -8.403 1. 24 1. 12 .731 8.00 7.80 .oo .oo 

AVERAGES: 10421 BASELINE W176 00 .. ·000 
21.13 .560 19.56 -8.351 1.40 .30 .759 9.51 10.14 .oo .oo 

STD .13 .003 .04 .252 .05 • 1 6 0 011 .13 .37 * * 
10421 W235N/V001 (1.5E14) 

20.88 .495 18.53 -7.214 1. 69 1.44 .676 7.40 7.81 .oo .oo 
STD .30 .006 1. 25 1.522 .73 .69 .075 .92 1. 68 * * 

PERCENT OF BASELINE 
98.8 88.3 94.7 113.6 120 484.4 89.1 77.8 77.0 ***** ***** 

STD% 2.0 1.5 6.6 21.4 57. 623.9 11.3 10.9 20.0 ***** ***** 
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10422 W237CR001 (1. SE 14) Wl98 00 000 
SOL19 6 /19/81 AMl: P0=91. 60UW/CM"'2 NO AR COATING 

ID ISC voc IP LOG(IO) N R FF Eff OCD PCDa PC Db 

3R* 22.10 .sso 19.47 -5.433 2.43 -1.34 .701 9.09 .oo .oo .oo 
lB 21.40 .553 19.78 -8.388 1. 37 .62 .750 9.38 5.33 .oo .oo 
2B 21.40 .552 19.94 -8.932 1. 2 7 .30 .772 9.64 4.68 oOO .oo 
3B 21. so .553 20.02 -8.940 1.27 .47 .766 9.64 5.46 .oo .oo 
4B 21.40 .552 19.90 -8.770 1.30 .32 .768 9.59 4.68 .oo .oo 
SB 21.40 .-sso 19.80 -8.248 1.40 • 13 .762 9.49 4.29 .00 .oo 

lT 21.30 .509 19.77 -8.883 1.18 .83 .751 8.61 5.27 .oo .oo 
2T 21.90 .514 20.30 -8.703 1.22 .68 .752 8.96 5.72 .oo .oo 

3T 22.30 .515 20.65 -8.486 1.26 .48 .755 9.17 6.70 .oo .oo 
4T 21.90 .510 20.31 -8.782 1.20 .80 .750 8.85 4.94 .oo .oo 
ST 21.60 .510 20.00 -8.550 1.24 .63 .751 8.75 5.33 .00 .oo 
6T 21.50 .508 19.80 -8.029 1.33 .39 .747 8.63 5,20 .oo .oo 
lS 21.90 .509 20.31 -H. 1 ua 1. 21 .66 .7.53 8.88 5.59 .oo .oo 
2S 21.60 .509 19.72 -8.228 1.30 1.8~ .699 8.13 5.46 .oo .oo 
3S 22.10 .509 20.47 -8.589 1. 23 .65 • /51 8.93 6.24 .oo .oo 
4S 21.60 .509 19.96 -8.352 1.27 .53 .750 8.72 5.59 .oo .oo 
5S 21.60 .510 19.95 -8.257 1. 29 • 41 .752 8.76 5.59 .oo .oo 
6S 22.20 .508 17.82 -4.702 2.78 2.69 .541 6.46 4.23 .oo .oo 
lC 22.50 .515 20.68 -7.973 1.36 .62 .738 9.04 6.24 .oo vOO 
2C 21.70 .510 19.84 -7.417 1.48 .15 .739 8.65 5!'20 .oo .oo 
3C 21.90 .512 20.23 -8.326 1. 28 .57 .748 8.87 7.02 .oo .oo 
4C 21.70 .512 20.16 -8.848 1.19 .66 .756 8.89 6.24 .oo .oo 
sc "21.60 .510 i9.88 -8.174·1.31 .79 .737 8.58 6.63 .oo .oo 
6C 21.90 .513 20.35 -8.826 1.20 .53 .760 9.03 6.50 .oo .oo 
7C 21.60 .510 20.07 -8.984 1.16 .84 .753 8.77 6.63 .oo .oo 
8C 21.60 .509 19.97 -8.308 1.28 .40 .754 8.77 5.33 .oo .oo 
9C 21.50 .510 19.96 -8.897 1.18 .79 .753 8.73 5.33 .oo .oo 
lOC 21.80 .512 20.17 -8.575 1. :l4 .]4 .748 8.83 .5.98 .oo .oo 
llC 21.90 .515 20.33 -8.791 1. 21 .{){) .J'j'j 9.01 6.76 .oo .00 
12C 21.70 • 511 :lU.U~ -8.352 1.28 • .57 .741) H.78 :i.4~ .oo .oo 

AVERAGES: 10422 BASELINE Wl98 00 000 
21.42 .552 19.89 -8.656 1.32 .37 .764 9.55 4.89 .oo .oo 

STD .04 .001 .09 .286 .05 .16 .008 .10 .44 * * 
10422 W237CR001 (l.SE14) 

21.79 • 511 20.03 -8.323 1.32 • 7 5 • 7 39 8.70 5.80 .oo .oo 
STD .27 .002 .53 .835 .31 .so .043 .51 .68 * * 

PERCENT OF BASELINE 
101.7 92.5 100.7 103.8 100 201.7 96.8 9 1 ~ 1 118."6 ***** ***** 

STl>% 1.5 .b 3.1 13.1 29 285.6 6.6 G.J 25.7 "'**w* ***** 
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10713 W238l1N001 (8El4) Wl98-00-000 
SOL19 8 /18/81 AHl: P0=91. 60HW/CW'2 NO AR COATING 

ID ISC voc IP LOG(IO) N R FF Eff OCD PCDa PCDb 

3R* 22.10 .552 19.22 -5.045 2.72 -1.67 .693 8.94 .oo .oo .oo 
lB 21.30 .547 18.14 -6.340 l. 96 4.35 .577 7.12 4.42 .oo .oo 
2B 20.90 .544 18.88 -8.162 l. 40 3.14 .664 7.98 3.25 .oo .oo 
38 20.80 .540 18.14 -6.663 1. 81 3.37 .617 7.33 3.12 .oo .oo 
48 20.60 .535 17.97 -6.804 1.75 3.67 .612 7. 14 2.60 .oo .oo 
lC 19.20 .488 17.03 -8.763 1 • 16 5.46 .599 5.93 1.04 .oo .oo 
2C 16.30 ·• 4 66 11.58 -4.021 3.48 5.69 .439 3.53 .34 .oo .oo 
3C 18.00 .485 15.41 -7.394 1.43 6.19 .560 5. 17 .68 .oo .oo 
4C 15.40 • 485 .}0.66 -3.935 3.81 6.83 .422 3.33 .59 .oo .oo 
5C 19.00 .489 15.84 -6.472 l. 7 2 5.84 .539 5.30 .55 .oo .oo 
6C 17.50 .482 13.61 -4.92 8 2.54 5.57 .495 4.42 .55 .oo .oo 
7C 18.60 .484 16.07 -8.685 1 • 1 6 7.22 .549 5.23 .81 .oo .oo 
8C 18.60 .488 15.68 -7.251 1.48 6.72 .538 5.17 .78 .oo .oo 
9C 18.50 .487 16.05 -8.409 l. 22 6.72 .561 5.35 .72 .oo .oo 
lOC 18.70 .487 15.33 -5.741 2.03 5.12 .535 5.16 • 81 .oo .oo 
IS 19.00 .488 16.85 -8.284 1.24 4.90 .609 5.97 • 91 .oo .oo 
2S 18.20 .481 13.83 -4.148 3.33 2.99 .499 4.62 .78 .oo .oo 
3S 19.70 .491 16.38 -5.864 1.97 4.48 .553 5.65 1.56 .oo .oo 
4S 19.40 .485 17.01 -7.527 1.39 4.43 .603 6.00 1.43 .oo .oo 
ss 15.70 .472 11.27 -3.506 4.61 .69 .475 3.73 .59 .oo .oo 
1T 17.10 .483 14.95 -8.635 1.17 ·6. 9 3 .572 s.oo .46 .oo .oo 
2T 18.00 .486 15.83 -6.537 1.69 2.26 .646 5.98 .65 .oo .oo 
3T 17.90 • 483 14.95 -7.169 1.49 7.26 .527 4.82 .46 .oo .oo 
4T 17.60 .481 14.03 ·-5.192 2.34 5.19 .516 4.62 .39 .oo .oo 

AVERAGES: 10713 BASELINE Wl98-00-000. 
20.90 .542 18.28 -6.992 1.73 3.63 .618 ·7.39 3.35 .oo .oo 

STD .25 .oos .35 .696 .20 .46 .031 .35 .67 * * 
10713 W238HN001 (8E14) 

18.02 .484 14.86 -6 •. 445 2.07 5.29 .539 s.oo .74 .oo .oo 
STD 1. 1 7 .006 1.87 1.724 1.00 l. 71 .ass .79 .31 * * 

PERCENT OF BASELINE 
86.2 89.3 81.3 107.8 120 145.7 87.2 67.6 22.1 ***** ***** 

STD% 6.7 1. 8 12.0 36.3 79 71.3 13.7 14.4 15.6 ***** ***** 
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APPENDIX V 

Solar Cell and Materials Evaluation by DLTS 

Throughout the program, we have monitored the electrically 

active impurity concentration of representative wafers (as-g~own) and 

solar cells to correlate device an.d materials effects due to impurities. 

Deep levels identified in Czochralski wafers and the corresponding sol,ar 

cells are listed in Table V-1. The data were obtained by deep-level 

transient spectro.scopy ·as da&cribE>d :f.n Vnlmne 1 of .reference 3. 

Deep levels observed due to various grown-in impurities are 

illustrated in Figure V-1, which also includes impurities from previous 

phases of this program. Note that we were unable to detect deep levels 

due to grown-in Mn, Ag, Sn, Ni, and Cu, despite the fact that impurity 

content of the wafers was several orders of.magnitude higher than the 
. 11 -3 

DLTS detection limit ("' 3.5xl0 em ) for these samples. s.oine 
42 43 

investiiators report levels ' due to these impurities, but in those 

studies the_ impurities were incorporated by diffusion or other methods 

after the crystal growth. We also found cases such as Cr and A1 for 

which we observed deep levels .that were not in agreement with values in 

the literature: For example, the reported levels for Cr and EV+O~lleV, 

E 0 ~0.23eV and Ec-0.41,. while for A1 they are EV+0.057eV, EV+0.214eV, 

Ev+0,312eV, and Ev+0.392eV. 

Some of the 'differences cited above are expected because deep 

levels depend on the site or confisuratio~ the impurity acquires and the 

complexes it is able to form during the growth process. 

Figurt! V-2 dep:i.~t'A the fraction of total impnr:l.ty content 

which becomes electrically active in single-crystal silicon. (We define 

the electrical activity to be the concentration of the trap which has 

the highest density. This is not necessarily the one which controls the 

carrier lifetime in the bulk.) 
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N 
N ..... 

Ingot ID 

V-200-Poly 
Ti-202-Poly 
V-203-Poly 
206-V 
207-Mo 
208-Cr 
209-Ti 
210-Ti 
2ll-Cu 
212-Cu 
214-V-Poly 
215-Mo-Poly 
216-Cr-Poly 
217-Ta 
218-Ta 
222-Ag 
223-Ni 
225-Mn 
227-Cr-Poly 
228-Gd 
229-Au 
230-Al 
231-Mn-Poly 
232-N/Ti 
233-Cr· 
234-Mo 
235-N/V 
236-N/Mo 
237-Cr 

TABLE V-1 

DLTS RESULTS ON PHASE IV IMPURITY-DOPED INGOTS 

Best Es~imate of 
Metallurgical Impurity 

Concentration (NM)· 

4 x. 10
14 
13 

2 X 10
13 4 X 10 

2.6 x 1
1
o
0
g 

2.0 X 

L9 x 1014 

2.Q X 1Qi2 
1. 0 X 1:0

15 
1.8 X 10 
1 X 1016 
2 X 1014 

12 
2.5 X. lP. r,. 
8 :X 10 ll 
1.5 X 10

10 
6.5 X 10

15 
4.5 X 10 
l.Q X 1015 
l.Q X 1015 

4.0 X 1014 

6.o x 1oij 
1.2 X 1(1 

1.0 x 1oi~ 
1.2 X lQll 
5.0 X 10

12 
6.0 X 10

12
· 

3.0 X 10
13 2.0 X 10 

Active Impurity 
Concentration (em-~) 

In theWafer 

NTW 

14 
1.3 X 10 

13 
1.12 X 1~ 3 1.7 X lQ 

12 
6.43 X 1~ 2 
2.2 X 10 

13 
3.91 X 10

12 
8.12 X 10

13 
2.91 X 10 
undetectable 
undetectable 
6 x 1013 
4.5 x 1o12. 
7.5 X 1012 

undetectable 
undet~c table. 
undetectable 
undetectable 
undetectable 
1.2 x 1013 average 
undetectable 
8 X 1013 
2 x 1o12 
undetectable 
3.85 x 1o12 
2.52 X 1013 
5.5 X lOll 
1.4 x 1o12 

undetectf~le 

3.0 X lQ 

In the Cell 
(near junction) 

NTC 

no data 
12

. 
1.15 X 10 
undetectable 
undetenable 
9 X 10 
undetectable 
1.15 x 1012 
3.6 X 1012 
undetectable 
undetectable 
no data 
no data 
no data 
undetectable 
undetectable 
undetectable 
undetectable 
undetectable 
undetectable 
undetectable 
undetectable 
6.3 X 1013 
undetectable 
6.4 x 1oll 
undetectable 
5.5 x 1oll 
4 x 1oll 
undetectable 
undetectable 

0.32 
0.56 
0.34 
0.25 
1.1 
0.21 
0.40 
0.30 

0.30 
1.8 

.009 

0.03 

0.13 
0.000016 

0.39 
0.21 
1.1 
0.24 

.15 



The data in the figure suggest that the electrically active 

concentration of the grown-in impurities may be less than the metallurgical 

concentration of the diffusion depending on the species involved. There 

are several factors which may influence the electrical activity of an 

impurity in a crystal: 

a. The ability of the impurity to produce an excited state 

within the bandgap (if it does not, then according to 

our definition the electrical activity will be zero). 

b. The thermal history of the wafer. It is shown clearly 

in the section 3.8 that N
2

, HCi, or POCi
3 

treatment after 

the c.ryRtal arowth can significantly alter the electrically 

active impurity concentration in the crystal. 

c. The solubility of impurity in solid silicon.Fbllowing 

solidification, as the crystal cools, impurities will tend 

to precipitate out and may, therefore,become electrically 

inactive. The amount of impurity that.can precipitate in 

the form of second place will depend on the difference in 

· solubilities at two temperatures. 

d. · The diffusion constant of the impurity in silicon. 

Impurities with small diffusion constants may not obtain 

equilibrium with the lattice. The amount of precipitation 

and thus electrical activity. then becomes related to the 

diffusion constant. 
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