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TECHNICAL CONTENT STATEMENT

This report was prepared as an account of work sponsored by
the United States Government. Neither the United States nor the Uﬁited
States Department of Energy, nor any of their employees, nor any of their
contractors, sub-contractors, or their employees, makes any warranties,
expreés or implied, or assumes any legal liability or responsibility
for the accuracy, completenésé'or usefﬁlness of any information, apparatus,
product or process disclosed, or represents that its use would not in.

fringe privately owned rights.

NEW TECHNOLOGY

No new technology is reportable for the period covered by this
report.
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1. SUMMARY

This is the 14th quarterly report of a DOE/JPL sponsored
program designed.to assess the effects of impurities, thermochemical
processes and any impurity process interactions on the performance of
terrestrial silicon solar cells. The data developed form a basis for

cost benefit analyses by the producers and users of Solar Grade Silicon,

The Phase IIT effort encompases .(1) potential interactions.
between impurities and thermochemical processing of silicon, (2) impurity-
cell pexformance relationships in n-base silicon, (3) effect of .contaminants
introduced.during silicon production, refining or crystal growth .on:cell
performance, (4) effects of non-uniform impurity distributions in large
area silicon wafers,and (5) a preliminary study of the permanence of

impurity effects in silicon solar cells,

Phosphorus oxychloride gettering of low resistivity ingots

(0.2 2 cm) infused with Ti produced cell efficiency improvements virtually

identical to those observed during gettering of 4 @ cm material bearing
Ti. For example, the uncoated cell efficiency rose to 6.2% (after 5 hours
treatment at 1100°C) compared to an untreated value of 4.4%. A low
resistivity Mo-doped ingot exhibited no improvement in cell efficiency
after a similar gettering cycle; this was consistent with previous data

for 4 @ cm Mo-doped silicon.

Deep level transient spectroscopy (DLTS) and detailed I-V
measurements made on gettered Ti-doped solar cells indicate that as
cell performance improves,bulk lifetime increases and the density of Ti
recombination centers (EV + 0.3 eV level) diminishes. Thus gettering
deactivates the recombination centers rather than changing the level of
the recombination center. The Ti trap density fell by about a factor
of four after gettering for 5 hours at 1100°C ,


http:designed.to

Studies of potential impurity anisotropy in 3 inch Mo and Ti-doped
wafers were extended to provide detailed edge to center and seed to tang .
maps of cell performance. No systematic or preferential impurity
distribution was noted save for a slight seed to tang buildup due to
impurity segregation during crystal growth, Performance variation across
or along the ingots was within + 10% of the average ingot cell efficiency,
This was consistent with the map of ingot bulk lifetime which indicated
the maximum variation of impurity content to be less than a factor of two
in both types of ingots.

Initial studies of impurity aging effects on solar cells have
been completed for temperatures up to 800°C and for times as long as 100 hours.
No cell performance degradation due to aging effects in Mo or Ti-doped
cells was noted even at the longest times and temperatures, However,
cell efficiency reduction did occur in contacted cells after 10 hours
at 500°C due to interdiffusion of the contact metals and silicon base

material.



-2, INTRODUCTION

This is the 14th quarterly report describing activities
conducted under JPL Contract 954331. Phase IIT of this program is
entitled"An Investigation of the Effects of Impurities and Processing

on' Silicon Solar Cells."

The objective of this program is to determine how various
processes, impurities, and impurity-process interactions affect the
properties of silicon and the performance of terrestrial solar cells
made from silicon. The development of this data base permits the
definition of the tolerable impurity levels in a low-cost Solar Grade
Silicon. The data further provide the silicon manufacturer with a
means to select materials of construction which minimize product
contamination and permit the cost-effective selection of chemical
processes for silicon purification. For the silicon ingot, sheet, or
ribbon manufacturer, the data suggest what silicon feedstock purity
must be selected to produce wafers suitable for cell production and
what furnace materials minimize wafer contamination: the cell manufacturer
may use the data to define an acceptable wafer purity for cell processing
or to identify processes which minimize impurity impact on efficiency,

In short, the data provide a basis for cost-benefit analysis to the

producers and users of Solar Grade Siliconm.

The Phase III effort encompasses five major topics, several
of which represent new directions for our work: (1) examinatioﬁ of the
interaction of impurities with processing treatments, (2) generation of
a data base and modeling of impurity effects in n-base solar cells,(3)
extension of previous p-base studies to include impuiities likely to be
introduced during silicon preoduction, refining or crystal growth, (4)

a consideration of the potential impact of anisotropic (nonuniform)

impurity distribution in large Czochralski and ribbon solar cells and,



(5) a preliminary investigation of the permanence of impurity effects

in silicon solar cells.

During this quarter we have (1) examined in detail the
mechanisms responsible for impurity deactivation during high temperature
gettering treatments, (2) evaluated the seed to tang and center to edge
variation in Czechralski ingot properties for commercial-size ingots
doped with Ti and Mn, and (3) assessed aging effects in solar cells
doped with Ti or Mo. ‘We have also continued our analyses of impurity
effects on crystal structure breakdown, and the monitoring of ingot
lifetimes by photoconductive decay lifetime measurement before- and after

processing. The highlights of this work are described below.



3. TECHNICAL RESULTS

3.1 Growth and Evaluation of Silicon Ingots

Major objectives of this activity have been to provide ingots
purposely contaminated with controlled additions of metal impurities for
subsequent electrical and solar cell evaluation and also to assess the
effects of impurities on ingot microstructure. During this quarter,
besides the preparation and analysis of Czochralski ingots, we have also
estimated the segregation coefficient of Co in silicon and measured the
critical melt impurity concentrations of Co, W, and Fe at which loss of

single crystal structure occurs.

3.1.1 Ingot Preparation

Seventeen ingots (W155 to Wi71l, inclusive) were grown by
Czochralski pulling,using the same techniques and conditions described

. . 1,2
in previous reports.”’

Five of these were second and third generation
ingots doped with phosphorus and one or more metal impurities to complete
the data base on impurity effects in n-base solar cells. The remainder
of the crystals included ingots designated for synergy studies, studies

of materials of construction,and compensation experiments.

All ingots, target impurity concentrations, impurity concen-
trations based on melt analysis and impurity concentrations measured by
spark source mass spectrometryz’3 are listed in Appendix 1. Table 1
shows our best estimates of the impurity concentrations for the ingots
grown to date. These latter values are used in all modeling calculations

and experimental correlations.



Table 1. Best Estimate of Impurity Concentrations

Best Estimate of
Impurit{ Concentration
5

Ingot Identification (X10'5 atoms/cm3)
W-129-00-000. (7.6 cm) NA
W-130-00~000 (7.6 cm) NA
W-131-Mn~008 (7.6 cm) 0.55
W-132-Ta-003 0.0002
W-133-00-000 NA
W-134-Ti-009 0.05
1~135-Fe~005 1.0
W~136-Fe-006 0.3
W-137-Ti-010 0.21
W~138-Mo—005 0.001
W-139-Mo-006 0.0042
W-140-Ti-001 (7.6 cm) 0.18
W-141-Mo/Cu-001 '0.004/4:00
Wk-142-00-000 NA
W*-143~T1-002 - 0.20
W-144-Mo-001 0.004
W-145-W-001 <0.15
W-146-Co~001 <1.7
W-147-N/Ni-002 0.40
W-148-N/Mn-002 0.60
W-149-N/Fe-003 0.60
W-150-1/V-003 0.03
W*%-151-00-000 NA
WA%-152-Ti-001 0.21
W-153-N/Ti-003 0.013


http:0.004/4.00

Table L. Best Estimate of Impurity Concentrations Cont.

Best Estimate of
Impurit¥ Concentrations
5

Ingot Identification (X 10'5 aroms/em®)
W-154-N/Cr-003 0.50
W-155-N/Mo-~001 0.001
W-156-N/Mo=002 0.004
W-157-N/T1/V-001 0.10/0.10
W-158-N¥/Ti/V/Cr-001 0.05/0.05/0.60
W-159-N/Cr /Mn/Ti/V-001 0.30/0.30/0.03/0.02
Wk-160-Ti-001 0.20
W%-161-Ti-002 0.02
W-162-Ni/Ti-001 1.0/0.20
W-163-Ni/V-001 1.0/0.27
W-164-Ni/Mo-001 1.0/0.004
W—léS—Co—OO% 0.11
W-166-Fe—007 . 0.9
W-167-Nb-001 Processing
W%-168-Ph-002 10"
W%—169-Ph-004 136"
W-170-Ph-005 Processing
W-171-w-002 Processing

% Asterisk indicates low resistivity p-type ingot (£ 1 f—cm)
%% 30 Q-cm p-type ingot

+ Value based on resistivity measurement
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3.1.2 1Ingot Evaluation

The resistivity and etch pit density for each ingot (Appendix 2)
continue to fall close to the norms established throughout the course
of Phases I and II of this program. As before, we note that the
dislocation densities measured toward the seed end of the ingots are
similar to those of the material fabricated into solar cells. Structural

breakdown often occurs near the tang end of the heavily-doped :'Lng_ots.1

The carbon and oxygen concentrations of each odd numbered
ingot were measured by infrared absorption. The amplitude of the
‘absorption peaks at 606 (:m_1 and 1107 cm—1 is proportional to the carbon
and oxygen concentrations, respectively. The constants of proportiocnality
used in these measurements were 2.2 for carbon and 9.6 for oxygen.2
Typical carbon and oxygen concentrations in Czochralski grown material

017 a'toms/cm3 for carbon and 50 to 150x1016

are in the range of 2.5 to 5x1
atoms/cm3 for oxygen. We found no significant deviations from these

values in the ingots produced this quarter (see for example, Appendix 3.

3.1.3 Segregation Coefficients of Co and W

In a previous report4 we described the results of ingot and
melt analyses which placed an upper limit on the segregation coefficient
of cobalt in silicon at 1.1::(10_S and of tungsten at 1.6x10_6. The limits
were based on our inability to detect Co or W by spark source mass

spectroscopy in the most heavily-doped ingots so far produced.

The detection of cobalt in a silicon spectrum by mass spec-
troscopy 1is hindered by the intense silicon background produced by the
lines of Si* at m/e. = 28 and 2§.4 By cutting the photoplate at the
position of the Si 28 line prior to exposure it was possible to eliminate
enough of the 5i background to detect the Co line at m/e = 29 1/2.

This analytical result set the Co concentrations of ingot W146 at
5.5X1014
tration]ﬂleozoatoms cn”? yields a Co segregation coefficient for

Czochralski pulling of 3.7x10"6. ‘

-3 s as .
atoms cm ., Dividing this value by the measured melt concen-



Additional mass spectrographic evaluation of W-doped ingot
W145 did not provide as salutary a result as that for Co. Even prolonged
exposure of samples from the tang end of the ingot failed to reveal lines
attributable to W. We, therefore, presently place the best estimate of
the impurity concentration for ingot W145 at about 1x1012 c:m_3 based on

. . - -8 .- 5
a segregation coefficient of 1x10 8 sstimated for tungsten,

Additional analyses of ingots bearing Co and W (as well as
Mo, Ta, Fe, Ti, and Ni) will be carried out by sensitive neutron
. . .1 . . . .
activation analysis. This data should provide a firmer foundation for

the segregation coefficient values.

3.1.4 Structural Breakdown Via Constitutional Supercooling

The breakdown of a planar single crystal-ligquid interface to

a cellular polycryvstalline morphology is well documented in ceramics,
metals and semiconductors. For Czochralski growth of silicon we showed

* *
that the critical liguid impurity content CZ for which breakdown occurs

is given by an eduation of the form2

k3
c, = -

g0

A __
where D is the liquid diffusion coefficient of an impurity, m the
liquidus slope of the phase diagram, r the crystal radium (cm) and V
is the growth velocity (cm/sec). The expected variation in critical
impurity concentration with growth speed is graphed in Figure 1 for
different crystal radii. Superposed on the curves are data for our
typical 3.2 to 3.5 cm diameter ingots.doped with Co, W and Fe, respectively.
The data were obtained from observations of the location in an ingot at
which structural breakdown occurred, the measured volume fraction of the
melt frozen and the measured melt impurity concentration. The measured
and calculated breakdown concentrations are in good agreement for these
impurities. - The .data .are also consistent with previous results for
other impurities:‘l’2 breakdown at 7-83cm/hr growth rates occurs at
m

impurity concentrations near 1020 c for these 1.6 to 1.7 cm radil ingots.
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Figure 1 Predicted variation of critical liquid impurity concentration
for crystal breakdown with crystal growth velocity during
Czochralski pulling of silicon. Data points represent impurity
concentrations at which breakdown actually took place (curves
assume heat loss to (°K environment, see Reference 2)
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3.2 Processing Studies

3.2.1 Effect of Thermochemical Processing on the Performance
of Impurity-Contaminated Solar Cells

The treatment of silicon wafers at elevated temperatures in the
presence of a chemical species such as POCL, or HCL provides a mechanism
to neutralize, or getter, contaminants subsequent to the crystal growth
operation. In principle,the method may be used to improve the performance
of solar cells fabricated on impurity-bearing material. We are carrying
out a series of experiments to identify the magnitude and temperature-
time sensitivity of gettering effects.for impurities like T1 which are

known to degrade solar cell efflclency 1,2

The experimental approach was to subject impurity-doped and
uncontaminated‘baseline wafers to various thermal treatments in the
presénce of POCRs or HCL after which the gettered surface was etched
off. The gettered wafers, fabricated into solar cells via our standard
process, were then tested and the results conpared to Fhe performance

of the baseline devices..

The first results of this study, POCQ.3 gettering of 4 Qcm Fe,
Ti and Mo-doped ingots, were reported in the last quarterly report.4
The key data are reproduced iﬁ-Figure 2 to facilitate some of the
discussion which follows below. Briefly, the conclusions derived from
that work were that for gettering temperatures in the range 950 to 1100°C

and time periods up to five hours:
1. The cell performance of the Mo-doped ingots was improved
little, if at all, by POCSL3 gettering.

2. The cell efficiencies of the two Ti-doped ingots impwoved
considerably but very extended times or high temperatures
would be required to promote recovery to the baseline

efficiency values.

3. The efficiency of the Fe-doped ingot recovered to that

of the baseline value.

1
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4, The baseline ingot efficiency degraded somewhat at the
higher gettering temperature; if this phenomenon were
intrinsic it could place aﬂ'upper limit ‘on the effective-

ness of POC.Q,3 treatments to improve cell efficiency.

The P0C23,gettering experiments have been extended to evaluate
the impact of base resistivity as well as impurity content on gettering
response. Wafers from two. low resistivity (0.2 Qcm) ingots,
wi4311002 (2x10™* on™> Ti) and W144Mo001 (4x20% cm™3 Mo), were processed
along with low resiétivity baseline ingot W142-00-000 at the following

times and temperatures:

1 hr at 950°C

1 hr at 1000°C
1 hr at 1100°C
2 hrs at 1100°C
3 hrs at 1100°C
4 hrs at 1i00°C

The cell performance data for each condition as well as for
the untreated material are listed in Tables 2 and 3. 1In the tables,the
designation B refers to the baseline ingots, I to the impurity—doped
ingots and I/B to the ratio of the performance values for the impurity -

doped and the baseline materials, respecfively.

The data for the low resistivity Ti ingot (WI43), Table 2, is
in general agreement with the trends established earlier for the 4 Qcm
ingot W137 which contains the same nominal Ti content. After 5 hours
treatment at 1100°C,the uncoated efficiency of ingot Wi43 increased to

6.43% from the untreated value of 4.42%.

This trend is illustrated graphically in Figure 3 where the
relative efficiencies (n/n baseline) are plotted for ingots W143 and
W1i37 as a function of treatment temperature for a one hour gettering
cycle. The relative efficiency of the low resistivity devices improves
to 0.63 from the untreated value of 0.46. The slope of the lines for
'Ti gettering in the low and high resistivity material is approximately

13



TABLE 2 - POC%, GETTERING - LOW RESISTIVITY Ti INGOT

3
: 14 -3 .
Ingot W143Ti002 (2x10" 'cm ~ Ti; 0.2 Qcm)
_Baseline Ingot W14200 000
) * .
TREATMENT , Isc(mA) . Voc (V) - FF EFF (%) TocD (usec)
NONE B 20.40 .598 752 9.69 1.8
I 10.90 .525 .728 '4.42 1.1
1/B .534 .878  .968 .456 611,
1 Hr. @ 950°C B 20.47 .599 752 9.76 5.2
I 11.68 .539 .748 4.99 1.5
/B .571 .900 .995 511 © 288
1 Hr. @ 1000°C B 20.44 .594 .708 9.09 1.1
I 11.60 541 755 5.01 1.5
1/B .567 .910 1.07 .551 1.36
1 Hr. @ 1100°C B 20.50 .595 711 9.18 1.2
I 12.96 551 - .739 5.58 1.3
1/B 632 .926 1.04 .608 1.08
2 Hr. @ 1100°C B 20,57 . .596 .774 10,12 1.5
I 13.04 . .549, . 739 5.65 1.4 .
/B .633 .921 .955 .558 .933
3 Hrs. @ 1100°C B 2070 .598 .758 9.93 1.6
1 13,68 ' .560 756 - 6,12 1.0
1/B -661 - .936 1.00 .616 62
5 Hrs. @ 1100°C B 20.37 602 766 9.92 T1.6
I . 13.90 .554 .756 6.23 1.1
687

I/B - .682 .920 . .987 . .628

¥
AM1; no AR coating

14



TREATMENT

NONE

1 Hr. @ 950°C

1 Hr. @ 1000°C

1 Hr. @-1100°C

2 Hrs. @ 1100°C

3 Hrs. @ 1100°C

5 Hrs. @ 1100°C

TABLE 3 - POCE3 GETTERING - LOW RESISTIVITY Mo INGOT

Tngot W144Mo001 (4x10"cm “Mo; 0.2 Gem)

Baseline Ingot W14200 000

Isc (mA)

20.
i7.

40
46

.856

20,
17.

57
20

.836

20.
16.

20
17

190

45
.818

.30
.00

.837

20
17

.57
.50

.851

*
AM1; no AR coating

Voc (V)

.598
.539
.901

.585
.569
.973

.597
.540
.905

-.601
.550
.915

.600
.558
.930

.599

15

.752
.642
.854

.735
.709
. 965

.788
.622
.789

.784
.595
.759

775
.556
.717

EFF” (%)

9.69
6.46
.667

9.47
7.34
775

10.00
5.80
.580

10.11
6.00
.593

10.11
5.74
.571

TocD (wsec)

1.8
71
.39

.24

.45



=2

Sample Ffficiency/Baseline Efficiency

Curve 715942-A

¢ . .
1100 S 1000 950
| | -
1_
9
8
N 143Ti 002 - 2.0% 101 (0.20¢m)
6
-5— 14
137Ti0l0 -2.1x10" (4 Qcm)
| | | |
0.90 0.95 1.0 1.05
,.1,93..0(;-1
=

Figure 3 Variation in the normalized efficiency of low and high resistivity-

Ti-doped ingots with POCR, gettering (1 hours)

3




the same ,suggesting that the same mechanism of impurity deactivation
operates for both ingots over the range of temperatures’studigd so far.
.Again the trends depicted in Figure 3 imply that long times and high
temperatures would be required to achieve cell efficiencies comparable
to the baseline material if ingots initially contain high Ti concen-

trations.

The cell data for the low resistivity Mo-doped material

(ingot W§44), Table 3, also parallel the results obtained earlier for
the'4 Qcm ingot. There is little noticeable improvement in cell
efficiency even at the longest treatment time and highest temperature.
We noted considerable scatter in the data. Moreover, specimens treated
for 3 hr and 5 hr periods at 1100°C exhibited uncoated efficiencies of
% or below. .The latter result may be real or due to preccessing faults.
In either case the small impact of gettering on both the low and high
resistivity. Mo-doped material at 1100°C suggests that little further

benefit will be gained by repeating the runs.

We also note that unlike the first experlments4 we found no
degradatlon in the baseline properties of the 0.2 Qcm control ingot
(W142) due to getterlng This aspect of the experiments will be

examined in future studies.

Besides POCSL3 gettering-we have also performed HCR gettering
on 4 and 0.2 Qcm ingots doped with Fe, Ti and Mo. The full spectrum
of samples has not yet been completely analyzed. However, the preliminary
results indicate that the HCY{ treatment is somewhat more effective
than POCL., gettexring in the 4 Qcm material. This work will be completed

3
and reported at the end of the next quarter.

3.2.2 Detailed Analysis of the POCL, Gettering of Ti-Doped Silicon

3.2.2,1 1I-V Studies of Gettered Material

The improvement in the cell performance due to POCL, gettering

3
of Ti in ingot W134 and W137 was described briefly above and is evident

from Figure 2. The mechanism by. which gettering improves cell efficiency

is not so clear from the cell data or the OCD lifetime measurements on
the cells.4
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For example, the OCD lifetimes on the gettered cells were very low
(TOED.< 1 gsec) and the changes in the lifetime fﬁr the various gettering
conditions fell within the accuracy of the OCD technigue. Thus it was'’

not possible to use this method to distinguish how the gettering.iﬁduced
the cell performance improvement. For these reasons,detailéd I-V measure-
ments have been made on the gettered cells to track the changes in
electrical properties due to thermal treatment. These measurements are
complemented by results from deep level transient spectroscopy (DLTS)

outlined in the next section.

The transformed I-V curves for the extreme cases of gettering
temperiture {1 hour - 950 and 1100°C) and gettering time (1100°C - one
‘hour and 5 hours) are shown in Figures 4 and 5 for ingot 137 and Figures
6 and 7 for ingot 134. It is quite clear from these traniformed I-V
curves that the increase in gettering time and temperature beyond 950°C
inicreased the bulk lifetime becaﬁée the upper segment of the transformed

curves moved to theright1 with increased gettering intensity.

From the data in Figures 4-7 we have also deduced the actual
lifetime increase’due to processing. The short-circuit current of the
solar cell is a more accurate indicator of the bulk lifetime than the
OCD number because the OCD technique is more sensitive to junction
defects surface shunts and other process-related effects. The data in

-Tables 4 and 5 clearly demonstrate a systematic increase in the short-
circuit current as either gettering time or temperature increase. This
:.implies that the bulk lifetime also shifts upward systematically. We

have calculated bulk lifetime from the short-circuit current using the

-2

. impurity model as a basis. This is done by employing the model

equation (Equation 45 Reference 1, p. 67):

* There is I1ittle difference in the cell efficiency or I-V curves for
the 950°C-1 hr treatment and the standard 850°C-30 min cell diffusion.
"“This suggests that Ti gettering occurs as well at 850°C and/or Ti is a

relafiveiy slowly diffusing species
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TABLE 4

SOLAR CELL PARAMETERS AND DERIVED LIFETIMES AFTER POCZ

3
GETTERING OF INGOT - W137 (2.1x10%% em™>'Ti)
. T

Gettering Uncoated Ige Ige

Condition Efficiency {mA) (usec)
(%)

No gettering 4.24 12.63 0.103
950°C, 1 hr. 4,23 12.70 0.105
1000°C, 1 hr. 4.55 13.60 0.141
11060°C, 1 hr. 4.87 14.10 0.167
1100°C, 2 hrs. . 5.00 - 14.50 0.192
1100°C, 3 hrs. 5.19 14.80 0.213
1100°C, 3 hrs. 5.49 15.40 0.262

TABLE 5

SOLAR CELL PARAMETERS AND DERIVED LIFETIMES AFTER POCQ,3

GETTERING OF INGOT - Wi34 (5x10%° cm™> Ti)

Gettering Uncoated Ige TISC .
Condition Efficiency {mA) Tusec)
: (%)
No gettering 5.56 15.42 0.26
950°C, 1 hr. 5.30 15.36  0.258
1000°C, 1 hr. 5.69 15.68 0.289
1100°C, 1 hr. 5.99 16.20 0.35
-1100°C, "2 hrs. 6.41 16.98 0.47
1100°C, 3 hrs. 6.35 17.06 0.486
_1100°C, 5 hzs. 6.71 17.58  0.60
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Isc - Isc(w) L (2)
.._)—‘_+1
L
n
Substituting L = /D7 = we get
L 2 { ’
M 1 5
R VI S S ) (3)
sc o1
I
sc

Isc(?] is the short~circuit current for infinite diffusion length in the
base = 1.08 - Tsc(bL) = 24.3 wmA. Using Isc(w) of 24.3 mA, D of 33 cmz/sec
and LA = 17 ym Equation (3) is reduced to ’

8 1
773 (4)
43
s5C

T = 8.76 x 10~

SuBstitutipg the measured Isc values in_Equation (4}, we calculate the
lifetimes for the gettered cells. These results, shown in the third
column of Tables 4 and 5, indicate that the most intense geétering
condition used so far (five hours at 1100°C) improves the lifetime by

a factor of ~ 2.5 in both of the Ti-doped ingots. Since 1. = 1/N_, « 1/NX’
it appears that intense gettering reduced the Ti recombination center
density (NT) or the net impurity content in silicon (NX) by a factor of

v 2.5,

3.2.2.2 Deep Level Transient Spectroscopy of Gettered Material

Deep level transient spectroscopy has been performed on the
gettered solar cells fabricated from ingot W137Ti010 to quantitatively
assess the conclusions drawn from the I-V and cell data and to

demonstrate that POC.Q,3 gettering actually reduces the Ti concentration as
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we have hypothesized. Solar cells from each gettering condition have

been reprocessed for the DLTS measurements. The front metal grid was
removed and in its place a Ti-Au contact was evaporated. Mesa dots 30
mils in diameter were then &elineated by the photoresist technique.
Previously we repo:rtedl’5 that Ti produces two deep levels in silicon at
Ey + 0.3 eV and at EC - 0.27 eV, respectively. It was difficult to detect
the Ec - 0.27 eV level in ingot W137. Therefore, the data we report

here are for the more easily observed E, + 0.3 eV center.

v
From Figure 8 and the data in Table 6 it is evident that the
same trap level was detected in. all the gettered samples, but that the
trap concentrations (NT) were quite different for different getteriqg
cycles. These results also illustrate how effective DLTS is for
?esolving changes_in NT due to gettering. (It is important to recognize
that the ungettered samples also go through 825°C, 50min POC2, diffusion
which can result in gettering of some Ti. This point is being investi-
gated by the DLTS measurements on the unéettered solar cells and the
starting wafers. The DLTS omn the as-grown wafers will be performed

by fabricating a Schottky barrier.)

It is quite clear from Figure 8 that the active Ti concentration
gradually diminishes as a consequence of the increased gettering time or
the temperature. "The trap density diminishes by a factor of 2 when the
gettering temperature is raised from 950°C to 1100°C (gettering time 1 hr}.

Another factor:of 2 reduction in N is realized when the gettering time

T
is extended from 1 to 5 hrs at 1100°C). Thus a factor of 4 reduction in

NT was obtained by increasing the gettering intensity from 950°C/1 hr to

1100°C/5 hrs. This compares to a factor of 2.5 deduced from the lifetime

(TI ). This is very good agreement considering the accuracy of various
s5C

measurements (NT; Isc etc) and of the modelling analysis CISC vs T).

One must also recognize that the DLTS measurement gives the
trap concentration near the junction region. This may not accurately
represent the bulk material if gettering is diffusion limited and there
is a variation in trap concentration between the bulk and the surface.

If such a concentration profile exists, then the DLTS data will reflect

25



Curve 715871-A

12
8 x 10 ; | — |
Ingot-P-Ti-137
e
£
L
= 950°C/1hr
S ,
E 4l
C
3
§ 1100°C/1hr
g 2
froem
1100°C /5 hr
0 | | I
225 200 175 150
"~ Temperature (°K) :

Figure 8 Effect of Gettering Condition on the Peak Amplitude
(or Trap Concentration) of the E, + 0.3 eV Trap
Obtained from the DLTS Spectrum

26




TABLE 6

Variation in Cell Efficiency and Trap Concentration
(NT) as a Function of Gettering Treatment for Ingot

W137 (original metallurgical Ti concentration,
5x1013 cm-3)

Gettering Uncoated Ey + 0.3 eV
Condition Efficiency Nep (cm-3)
(%)
No gettering - 4.24°
950°C, 1 hr. 4.23 6.35 x 102
1000°C,, 1 hr. 4.55 3.94 x 1012
1100°C, 1 hr. 4.87 2.99 x 10%°
1100°C, 2 hrs. 5.00 2.5 x 1042
1100°C, 3 hrs. 5.19 2.39 x 1032
1100°C, 5 hrs.- 5.49 1.49 x 1012
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the active titanium concentration at a particular location in the sample.
However,this value of NT may still be proportiohal to the total active
Ti concentraticn in the bulk (NT ). Some experiments are being planned
to determine whether or not a profilq,in NT is present in the gettered
samples. This will be accompilished by sequential etching followed by
DLTS measurements using Schottky Barrier diodes fabricated on the

etched steps.

Figure 9 illustrates how cell efficiency of the Ti—doped wafers
changes with NT due the various gettering conditions. The efficiency
decreases monotonically with the increase in the trap concentration,
indicating that EV + 0.3 eV level plays a major roie in confrolling
the cell performance. Figure 10 shows the correlation between the
Isc—derived bulk lifetime CFI_ } and the reciprocal of the trap
concentration, The linear ref%tionship between the two parameters again
strongly suggests that the bulk lifetime is controlled by this trap,
and that the gettering-induced improvement in cell performance is
primarily due to the reduction in the trap density. Further DLTS
measurements are being carried out on the gettered cells fabricated from
ingot W134Ti009 (2x1014 cm__3 Ti). The preliminary resu1t§ are similar

to that for ingot W137.

We conclude that POC.Q,3 gettering improves the cell effibiency
of devices which are performance-limited by Ti contamination of* the
silicon base material. The benefits of gettering increase with
temperature and-treatment time being maximum for the highest témperature
(1100°C) and longest time (5 hours) which we employed. Under the latter
conditions ,an absolute efficiency improvement of over 1% (e.g, an
uncoated efficiency of 6.71% vs 5.56% for the ungettered material
containing 5x1013 (:m—3 at Ti) was observed. From the I-V analysis and
the short circuit current data this improvement can be attributed to an
increase in bulk lifetime during gettering. The DLTS results show quite

convincingly that POCR_, treatments do not alter the type of deep level

3
present in the Ti-doped material (EV + 0.3 eV) but rather reduce the

trap density and thus improve bulk lifetime,
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3.3 Decontamination of Wafer Surfaces by Cleaning Prior to Heat Treatment

Our experience1’6as well as that of others7 indicated that
there are some difficulties in preserving recombination lifetime during
high temperature'treatments owing to wafer surface contamination. . For
this reason we developed a model to characterize the effects of the
deionized water rinsé cycle used to clean waferg. We have now refined
this decontamination model to account for the presence of particulate
contamination on the wafer surface prior to the final deionized water
rinse cycle. The origin of this contamination stems mainly from
particulaFe matter in the H202, NH4OH, and HC& chemicalsused prior to
the wafe;_rinse'cycle.

The total equivalent particulate contamination on each surface
per cm2 is equal to CP(O) + rp CPW t. pr is the particulate contamination
in the deionized water,C (Q)is the initial surface particulate concen-
tration and r is a ratepconstant. The total equivalent contamination on the
(including soluble impurities, Cs ) wafer as a function of rinse time

.6
is,

-r t
Csi(t) = CS(D) e s+ CP(O) ¥ T, pr t (5)

The optimum rinse time is given by,

r C ()
t =ri gn |2 (6)

opt s P pwW

Assuming complete homogeneity in the bulk volume of the wafer following
high-temperature treatment, the trap concentration (Nt) will be equal to
chi(t)/h where h is the thickness of the wafer. The recombination

lifetime, T, is equal to (o v Nt)'l where ¢ is trap capture cross

t
section {normally = 1}(10_15 cm”) and Vih is the thermal velocity of the
minoxrity carriers (1x107 cm/s) . T.» as a function of rinse time is

given by,
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-r t .
T, = h <20 Vih CS(O) e s + CP(O) + rpcpw t (7N

Equation (7) was tested experimentally by varying the_final
deionized water-rinse time of silicon wafers and then annealing the
wafers at 1000°C for 15 minutes in an atmosphere of 95% O2 + 5% HCL..
Following heat treatment, the silicon was slowly cooled (1°C/min.} to
200°C. At that time the specimens were manually withdrawn from the

furnace.

The effect of final rinse time on T is shown by the data
points in Figure 11. Although the data scatter somewhat,the expected

maximum in lifetime cledrly occurs in the vicinity of five minutes.

" The constants in Equation (7) for soluablé contamination were
ébtaine& by‘a'least squares fit to the déta between 30 to 300 séconds
with an initial correction for particulate contamination using jﬁdicioﬁsly
chosen values of C (0} and rp CPW' The particulate contamination constants
were then obtained by a least squares fit to the data between 300 and
1380 seconds with correction for soluable contamination using the
‘previously cbtained best fit constants. The complete procedure was
iterated three times to improve the fit over the entire range of times.

The theoretical model parameters obtained by this best-fit method are:

C (0) = 1.97 x 1011
r = 4.35 x 1077
s
C,(0) = 4.34 x 1010
_ 8
r C_ =2.10 x 10
PW
topt = 323 g3,
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Previous data? had indicated that the maximum 1ifetime after

the high temperature treatment was only 15.2 us. While only three data
points were available then to determine r CPW’ the value obtained was
1.55 x 109. The change in the value of rP pr from that obtained
earlier (1.55 x 109} to the present value of 2.10 x 108 is believed
due to decreased microbial activity between summer {(May 24, 1978).and
winter (January 1, 1977) months, respectively,when the two sets of
experiments were run., It is possible that an effect of this type might
also explain the slightly differing response of the baseline wafers to
the gettering treatments described in Section 3.2. The two sets of
gettering experiments were performed at different times during the-year.

»

This point will be clarified in future experimernts.

Equation (7) also predicts that T, (afte?-high—temperatufé
redistribution of surface contaminants) should be proportional to ‘h, the
wafer thickness. This is,in facg,thé trend illustrated in Figure 12
where T, is plotted against wafer thickness. The model and gxperimﬁnt'
are thus in qualitative agreement. A best fit of a curve to the data
points in Figure 12 giveé an exponent of 2.086 compared to the
theoretically expected value of unity. We ascribe the lack of )
quantitative agreement to ipadequate redistribution of surface contaminants
in the thickest samples. The experiment will be repeated with a longer
heat treatment time to insure homogenous distribution of the surface
impurities.

3.4 Investigation of Anisotropy Effects Due to Impurity Incorporation
in 3-inch Diameter Czochralski Ingots

" In the last quarterly report4'we presented preliminary inform-
ation on the variation in solar cell performance across the diameter of
three inch Czochralski wafers doped with Mn or Ti.Cell efficiency and
OCD lifetime yere‘mapped in each case by means of lcm x lcm miniature
solar cells and mesa diodeé, respectiﬁely, distributed on the wafer
surface. We concluded that the cell performance variation over the
wafer was less than :=10% of the mean value for both the Ti and Mn-doped

ingots,
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Since then we have made more detailed evaluation of potential
anisotropy using 6 large wafers, 3 from the (W131MnG08) Mn-ingot and
the other 3 from Ti (W140Ti011) ingot. Of the 3 wafers from each ingot
one was from seed, one from center, and one from the tang end. Each
large wafer was scribed into quarters so larger areas could be mapped
by the miniature cells. This way we were able to get as many as 22
miniature cells on each wafer as opposed to only 12 in our previous
experiments, Thus, we were able to probe the center and the edge regions
of the large wafers with the miniature cells. A more careful examination -

of seed to tang ingot property variations was also made.

Table 7 and 8 show the miniature cell performance for the
Mn- and Ti-ingots, respectively. In the tables, the designations T, C
and § stand for tang, center and seed. The results indicate an
average uncoated cell efficiency of 8.59% with a standard deviation of 0.44
for the Mn-ingot and an average efficiency of 4.28% with a standard o
deviation of 0.38 for the Ti-ingot. Thus as before in both cases most of
the cells were within + 10% of the mean value, implying no striking
anisétropy overall, There does appear to be a slight systematic decrease
in efficiency of cells from the tang and wafers compared to those from
the seed. This is particularly evident for the Ti-doped ingot, Table 8.
This might be expected since some impurity segregation will occur during

growth.1

A few ceils (marked by asterik in Tables 7 and 8) exhibited.
unusually low cell efficiency. A close look at the data for these
devices reveals that they contain.process—induced faults, such as high
resistance (R), high or excess junction leakage, or shunting (high N
value). The data for these cells were not used in estimating the mean
values. The short-circuit currents of the poor cells are not very
different from the good ones, implying that the lifetime (or the
impurity content) of these cells is very similar to the rest of the
devices. Thus the actual anisotropy in the impurity distribution is
responsible for not more than a + 10% deviation from the average
miniature cell performance, any exceptions being due to the process

effects.

36



TABLE (7)
Miniature Solar Cell Data for Ingot Wi31Mn008
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TABLE (8)
Miniature Solar Cell Data for Ingot W140TiOll

81212 W140T1011 Three Inch W117 00 000
SOL1l 1/20/79 AMi: PO-91.60MW/CM 2 NO AR Coating

ID ~ IscC voC 1I¥ LOGCIODY N R FF EFF OCD PCDA PCPR

I

S2R* 5190 559 19452 ~5.727 230 =160 2730 9+45 | «00 0 00 00
1R 00,40 «555 20e52 =T7«380 162 =217 «750 Se86 4055 « 00 « 00
2B D1e60 2555 1957 =64640 186 =70 «741 9440 {3.25 .« 00 00 .
3]:3035‘ 2190 +551 i9+.25 =5+361 249 -te44 » 706 .00 | 390 « 00 000'
4B 00,30 «553 2032 =T7.040 171 =32 o744 970 | 4.81 « 00 « 00
SE 00410 o552 19697 =6+571 188 =e49 «T33 946 | 455 « 00 - 00
6B 20450 553 2066 =T¢626 1.55 06 «T4G- S.86 | 4e8] « 00 « N0
>THIS IS W140TIO11? . T - ! .
17 11440 o471 10039 =TeB60 133 145 «720 4409 . 104 « 00 « 00
2T 11440 <468 10432 ~7+38T 144 107 714 4.03 91 « 00 00
3T 1130 465 10e27 =Te603 137 108 «720 4.00 « 15 «00 « 00
4T 11480 469 10eS54 =64679 165 o644 «698 4.08 .91 «00 - 00
ST’ 11060 +476 1058 =7.900 1433 143 «722 4.21 130 «00 « 00
6T 1060 -+ 260 9ed&1 =6+401 174 e14 2695 B3.58 ¢ 78 « 00 «00
TTek 1070 2429 6.94 -4.524 2481 1571 368 179 «20 0D «00
8T 10¢50 «458 9410 =5.733 P04 =123 686 349 1.04 « 00 + 00
9T 1120 465 9498 ~6:566 1.68 o443 + 697 384, 91 « 00 «00
10T 311060 o470 10053 ~Te4TT 142. 100 TI8 4del&i 1.04- +00 =00
12T 1140 469 1029 =7.128 1.51 e66 «713 a.osI 1404 . «00 « 00
14T ‘1100 o463 991 =7.093 151 291 «707 3JeB1; 91 «00 « 00
15T 11+10 2462 1000 +7+115 1.50 1.03 «706 3.83  ¢65 00 + 00
16T 10670 0453 9410 =5.346 2:24 =580 «656 337 <91 s00 - 00
17T 10480 462 970 =64940 1.55 +75 «705 3e72] 91 « 00 + 00
18T 1070 +456 SedS ~6s265 177 o i oB8B3 3.5? «91 « 010 « 00

19Te* 11400 3426 6497 =2.998 6.60 ~3+.07 409 2.03 « 20 « 00 « 00
20T« % 10680 +442 Te59 +=Le978 T+02 skk¥* «518 2462 » 40 « 00 «00

211 11.20 +451 973 <=5.778 197 e4l <661 3453 65 « 00 «00 -
e2T 1150 462 1009 =5+993.1.90 27 «675 37O e 78 « 00 00
23T 11420 461 10.04 <«6:868 1457 «B6 «+ 700 382 291 . 00 + 00
1€ 12.00 +478 1091 =7.638 1.40 1.19 «719 4.36 104 =00 «00
2C 1220 «477 11405 =Te413,. 1645 115 «713 439 104 « 010 « 00
3C 12030 -477 11010 ‘70177 1051 1001 0708 4039 091 000 OGO
4c 1210 <477 11:00 =7+666 139 129 o717 4438 91 « 00 « 00
sC 12040 475 11611 =6.886 159 110 696 434 1404 « 00 « 00,
6C « ¥ 11460 2429 7+02 =3:997 347 14.73 +341 1.7 91 +00 . <00
7C 12¢10 +475 1099 =74¢51% 142 1,05 718 436 104 +00 « 00
8C 12.50 + 474 1125 =6:935 1457 .- «5P2 «710 4643 +91 « 00 « 00
9C 12.20 474 11.04 =-T+378 1,45 1.15 +712 435 .91 <00 « 00
10C - 12420 ¢474 1104 =7.378 1445 1415 712 4035 «91 « 00 + 00
11€ 12¢20. + 474 10497 =T74045 1454 113 o701 4.29 1.04 =00 =00
12C 10040 478 1124 =Te452 1e84 1415 «714 4o 847 s 16 =00 <00
13C 1240 o475 1121 =7¢357 1046 1038 o706 440 130 « 00 « 00
laC 12-10 « 476 11000 -79654 1039 1-29 «T17 4937 G « 00 « 00
15C 12410 +477 1100 =7.666 1:39 129 «T17 438 1.04 als) « 00
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Figures 13 and 14, respectively show the miniature cell
efficiency map on tang, center and seed wafers from the 3 inch diameter
Mn and Ti—ingots. Neglecting those cells which were affected by the
process, the maps illustrate the small variation in the cell performance
acrpss the wafers suggested by the data in Tables 7 and 8. There are no
regions of the wafers where cell efficiency falls significantly above
or below and the performénce‘average. We conclude that the observed
variation in the cell performance is random across the wafer, not
anisotropic. Some seed to tang performance shift is evident in Figure 14
as noted above.

Since solar cell performance is the net result of process as
well as impurity effects the miniature cell efficiency map by itself
may not provide all the information required to delineate the anisotropy
in the impurity.distribution. Moreover, the cell efficiency is only
an indirect measure of the impurity concentration. The bulk lifetime,
on the other hand, is inversely proportional to the trap concentration
for the impurity induced deep level. (See Section 3.2) In turn, the
deep level concentration is porportional to the total impurity content

in the cell as follows :

ety &3 o (8)

The OCD lifetime numbers are not sufficiently accurate (about a factor
of 2 in accuracy) to delineater small variations in the impurity
concentration. The OCD lifetime is influenced by the-junction leakage
and surface recombination. effects. -Short-circuit current, however, is
relatively insensitive to most of the process induced effects and is
also a good indicator of bulk lifetime. We can, therefore,deduce a more
accurate lifetime from the short circuit current using Equation 4 and

the procedure outlined in Section 3.2.
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Figure 13 Cell Efficiencies (%) for Miniature Sclar Cells Distributed
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Figure 14 Cell Efficiencies (%) for Miniature Solar Cells
Distributed Across 3 Inch Diameter Ti-doped Wafers
Taken From Tang, Center, and Seed End
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. The lifetimes were calculated for the miniature cells from
their measured Iges tables 7 and 8. The lifetime maps .on. the center
wafers of both the ingots are shown in Figure 15. The maps indicate
that the lifetime varies by approximately a factor of 2 across ;he Mn—
doped waﬁeé and by about a factor of 1.5 for the Ti-doped wafer.

There are no preferred regions of high or low lifetimes. " The highest
and the lowest ISC in Tables 7 or 8 give lifetimes which differ by a
factor of approximately 2. This also represents the total variation .
in the lifetime throughout the entire ingot from seed to tang end;
Since lifetime is inversely proportional to the impurity concentration,
(Equation 8), we conclude that total anisotropy in the impurity
distribution throughout the Mn or Ti-doped 3 inch diameter ingots is
random and is at most a factor of 2. This much anisotropy will induce
less thanli 10% variation in the cell performance, consistent with our

observations.
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3.5 Permanence Effects in Ti and Mo-doped Solar Cells

’

Solar cell arrays. deployed in terrestrial applications must

exhibit useful lifetimes of many years in order for photovoltaic energy
systems to be economically viable. Since low cost, solar grade silicon
may contain a variety of impurities, it is important to determine

whether devices made on this material undergo any long term performance

changes attributable to contaminant aging behavior.

To assess the permanence of the cell characteristics, we are
carrying out a series of heat treatments at various times and temperatures,.
then measuring the cell parameters following the application of this
thermal stress. The test temperatures chosen are well in excess of any
temperature to which the cells will be exposed in actual service.

This accelerated testing should make it possible to predict by means of

appropriate models the long term behavior due to impurities.
. . . Vi
Briefly, the experimental procedure used is as follows:

1. Wafers from selected ingots are processed as a group
through diffusion to the metal contacting step in

the solar cell fabrication sequence.™’

2. A portion of the wafers are completely processed to
cells and tested; the remainder of the cells are left

uncontacted.

3. The uncontacted wafers, as well as some of the contacted
wafers, are subjected to a series of heat treatments
for specific times. After this anneal, the uncontacted

wafers are processed into completed cells.

4. The cell parameters of the heat treated samples are then
compared with those of untreated samples to determine

any effects of the high temperature stressing.
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In selecting ingots for these tests we chose.two impurities
which significantly degrade the performance of silicon solar cells, Ti
and Mo. Since there is a large effect due to these two impurities, we
expected fhat cells containing Mo or Ti also would exhibit noticeable
changes under stress testing if any aging effects occurred. The ingots

chosen were:

W123-Ti-008  (1x10-*Ti/cm )

and

W077-Mo-001 (4.2x1012 Mo/cms),

Baseline ingot W097-00-000 was processed concurrently with the impurity

ingots in all tests.

The following annealing cycles now have been completed:

1 hr. at 200°C
10 hrs. at 400°C
10 hrs. at 500°C

100 hrs. at '500°C

1 hr. at 800°C

10 hrs. at 800°C
100 hrs. at 800°C

The results of these first experiments are compiled in Tables 9
through 11; the effects on cell performance due to treatment at the
highest temperature, 800°C, also are depicted graphically in Figure 16.
Listed in the tables are the major I-V parameters for the baseline ingot
and the Mo and Ti ingots both in the treated and untreated conditions. -
Each entry in the tables is the average of data from two to four cells.
There was no large spread in the data; the results are considered

statistically significant.
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TABLE

9

EFFECT OF AGING AT 200 AND 400°C ON SOLAR CELL
PERFORMANCE OF Mo AND Ti-DOPED SILICON

. - +
SAMPLE ID "Ige(mA) Voc (V) FF EFF(%) T0Cch(usec)
# 1 HR at 200°C

097 Base-no anneal 22.0 .550 .711 9.10 3.6
097 Base-anneal 22.0 .552 .723 9.28 3.8
contacts

097 Base-anneal 21.8 .550 . 767 9.71 5.3
no contacts

077 Mo-no anneal 18.5 504 .720 7.10 o7
077 Mo-anneal-contacts 18.7 .508 .726 7.29 .7
077 Mo-anneal 17.7 .500 .650 6.20 .6
no contacts

123 Ti-no anneal 14.3 .480 ©.700 5.08 1.8
123 Ti-anneal-contacts 14.1 .484 .632 4,56 .7
123 Ti-anneal- 14.3 .481 .635 5.03 .7
no contacts

® 10 HRS at 400°C

097 Base-nc anneal 22.0 .551 .732 9.38 4 4
097 Base-anneal 21.7 .556 .756 9.65 4.0
contacts

097 Base-anneal 22.1 .555 .729 9.46 5.0
no contacts

077 Mo-no anneal 18.9 .506 .715 7.23 i
077 Mo-anneal-contacts 18.9 .506 .720 7.28 1.0
077 Mo-anneal - 18.5 .506 _.709 7.Q0 .6
Nno contacts

123 Ti-no anneal _14.4 .478 -696 5.07 7
123 Ti-anneal 14.5 . 484 695 5.16 1.0
contacts

123 Ti-anneal 14.5 .485 5.12 .8

no contacts

.681

*
Data given are average of 2-4 cells. WNo large spread of
data within a given treatment was noted,

*AM1; no AR coating
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TABLE 10

EFFECT OF AGING ON AT 500°C ON SOLAR CELL
PERFORMANCE OF Mo AND Ti-DOPED SILICON™

SAMPLE ID Igc(mA) Voc (V) FF EFE(%)* Tocp (usec)

9 10 HRS AT 500°C .

(097 Base-no anneal - 22.1 .555 .761 9.97 5.9

097 Base-anneal 21.5. .553 .672 8.45 - 1.5
contacts

097 Base-anneal 22.0 .553 752 9.66 5.9
no contacts

077 Mo-no anmeal 18.6° .505 705 7.00 1.8
077 Mo-anneal contacts 18.0 .500 662 6.30 1.8
077 Mo-anneal 18.6 .504 711 7.02 .8
no contacts )

123-Ti no anneal 14.3 .478 .684 4.94 .7
123 Ti-anneal-contacts 14.3 - .480 - .668 4.85 .7
123 Ti-anneal 14.7 .483 .685 5.14 .7

no contacts

® 100 HRS AT 500°C

‘097 Base-no -anneal 22.0 .553 746 9.60 3.6
097 Base-anneal 13.1 .119 - <1 <,1
contacts - .

097 Base-amneal 21.6 .553% .743 9.38 5.2
no contacts

077 Mo-no anneal ) 18.9 .503 .704 7.07 .7
077 Mo-anneal-contacts 0.4 .050 - <1 <.l
077 Mo-anneal . 18.2 .505 . 709 6.89" .8
no contacts

123 Ti-no anneal 14.4 .481 .698 5.11 .7
123 Ti-anneal-contacts 9.7 071 .372 <1 <.1
123 Ti-anneal 15.0 .486 .682 5.24 .8

no contacts

*
Data given are average of 2-4 cells. WNo large spread
of data within a given treatment was noted.

+AMl; ne AR coating
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TABLE 11

FECT OF AGING AT 800°C ON THE SOLAR CELL °
ERFORMANCE OF Mo and Ti-~DOPED SILICON*

123

contacts

SAMPLE ID Tge (mA) Voo (V) F¥ EFF(%) tocD (usec)
¢ 1 HR AT 800°C
097 Base-no anneal 22.20 577 . 727 g.85 5.0
097 Base-anneal-contacts 13.0 .08 .40 0.3 <0.1
097 Base-anneal-no 22.00 +551 .736 9.40 5.0
contacts
077 Mo-no anneal 19.10 .513 .719 7.45 1.2
077 Mo-anneal-contacts 11.5 .05 .4 0.3 <0.1
077 Mop-anneal-no 19.35 .504 .710 7.32 .70
contacts
123 Ti-no anneal 14.30 484 .702 5.14 .7
123 Ti-anneal-contacts 16.0 - .05 - 0.1 <(0.1
123 Ti-anneal-no 14.50 .479 .695 5.11 1.0
contacts -
¢ 10 HRS AT 800°C
097 Base-anneal-no 21.35 . 545 . 744 9.20 6.5
contacts - )
077 Mo-anneal-no 18.70 .500 . 709 7.01 .6
* contacts
123 Ti-anneal-no 14.90 .479 .694 5.25 .5
: contacts ) :
# 100 HRS AT 800°C
097 Base-anneal-no 18.80 .533 .743 7.85 3.0
contacts
077 Mo-no contacts 18.70 .500 714 7.06 .5
Ti-anneal- no 14.50 .488 .699 5,23 .6

*
Data given are averages for 2-4 cells. No large spread
of data within a given treatent was noted.

+AMl; no AR coating
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Figure 16

Curve 715944~A
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conclude:

On the basis of the experiments carried out so far we

Cells annealed with contacts in place begin to
degrade after 10 hours at 500°C. This observation
is consistent with our experience on contacted cells
from other programs (see, for example, Reference 9).
Cell performance reduction is due to the diffusion
of the metal contact material through the Ti barrier

layer and subsequent degradation of junction properties.

The baseline cells show no significant degradation up
to 10 hours ‘at 800°C, Figure 16. After 100 hours -at
800°C, the baseline cell efficiency falls to about
80% of its untreated value. The efficiency reduction

is due mainly to a decrease in short circuit current.-

. The Mo-doped ingot also exhibits a slight performance

reduction after 100 hours, at 800°C. As Figure 16
suggests, cell efficiency diminishes to about 95% of
its unannealed value. Again the most evident change

is a decrease in the cell short circhit current.

The Ti-doped ingot shows no change in cell efficiency
even after 100 hours at 800°C (Figure 16), the longest
time and highest temperature at which tests have been

performed.

If we assume that any changes in cell parameters are due to

a diffusion-controlled mechanism, the data in Tables 9, 10, and 11 can

be analyzed to estimate the stability of the cells eoperating at a

temperature near 150°C. This preliminary analysis suggests that the

deployed cells would remain stable (in so far as impurity effects are

concerned} for times longer than the anticipated 20 year lifetime.
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3.6 Photoconductive Decay (PCD) Recombination Lifetime Measurements

. As part of this program we have monitored the bulk lifetime
both before and after processing of impurity-doped wafers
into solar cells}’2 This provides a means to track any changes in
properties of the as-grown material when it is subjected to further
processing steps. The work had been temporarily halted during the last
quarter to repair the laser used for the PCD measurements and to upgrade
the measurement system somewhat. A description of recent studies as

well as an updated tabulation of ingot lifetime data are given below.

3.6.1 Equipment Refinement

A new trap light was installed in the measurement apparatus
(see References 1 and 2 for details) which is capable of handling a
higher density of traps. The light source is a General Electric Type
H7635, 160,000 CP, 50 watt, quartz halogen cycle sealed beam lamp. The
output radiation, collinated by an ellipsoidal reflector, is focussed
by means of an £ = 1 (f.1. = 15 cm) double convex lens onto the silicon
specimen. A 0.25 mm thick silicon wafer serves as a filter after the
lens to eliminate visible spectrum radiétion, to reduce sample heating

and to promote uniform trap filling

3.6.2 PCD Measurements on Impurity-Doped Wafers

The laser-excited PCD equipment is once more operational
following repolishing of the YAG:Nd laser rod and the application of
new AR coatings on it. An updated summary of PCD data is compiled in
Table 12 for ingots WO78 to W139.

The format of the data tables has been changed somewhat from
that employed previously%’2 Diffusion length as well as bulk recombination
lifetime is now listed for each specimen, a feature reflecting the fact
that diffusion length is the crucial parameter controlling carrier
collection. Individual values of standard deviation have been deleted
from the table, the precision of the PCD measurements having been shown

to have a probable error of 5.7 percent.1’2
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The correlation between diffusion length and solar cell short
circuit current is expected, to be independent of base resistivity,
silicon type or method of ingot growth. Future work will explore this

type of correlation,
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TABLE 12

RECOMBINATICON LIFETIME MEASURED BY PHOTOCONDUCTIVE-DECAY METHOD
(Q-Switched Nd: YAG Laser Excitation) v

. As Grown Post Diffusion
. Ingot Diffusivity Lifetime Diff. Length Lifetime Diff. Length

Identification Dn/DP(cmz/s) T, (us) L (Pm) Tr(us) ~ L {m)
W078-00-000 32.4 "8.32 164 —-- e
079-N/00-000 11.7 86 308 - -
W080-Ph-001 32.4 4.39 119 2.48 89.6
W081-N/Ni-001 10.5 5.62 76.8 10.36 104
W082-N/V-001 10.5 0.25 16.2 0.25 16.2
WO083-N/Fe-001 11.7 1.56 42.7 —- ---
WO84-A1-001 32.4 0.97 56.1 1.00 56.9
W085-N/Zr-001 11.7 140 405 - ———
W086-C-001 32.0 3.06 99.0 2.30 85.8
W087-Ca-001 31.9 2.81 94.7 2.08 81.5
W088-Cr-001 15.3 0.01 3.9 2.23 58.4
W089-Cu-001 15.3 2.37 60.2 3.06 68.4
WO9CG:-Mn-001 14.8 0.06 9.4 - ---
W091-Cr/Mn-002 32.4 0.09 17.1 0.20 .25.5

" W092-Ph-002 32.2 7.83 159 5:49 133
1¥093-Mn-004 32.9 0.19° 25.0 0.70 48.0
WO094-Mn-005 | 52.4 0.38° 35.1 2.58 91.4
W095-Mn-006 32.9 0.15 22.2 0.38 35.4
W096-Mn-007 32.9 0.34° 33.4 2.32 87.4
W097-00-000 32.7 4.78 125 2.66 . 93.3
W098-Mo-002 32.4 1.40 67.3 0.89 53.7
W099-Fz-001 32.2 4.34 118 3.12 100
W100-Cu/Ti-002 32.4 0.30 . 31.2 0.37 34.6
W101-Fz-002 32.7 4.30 119 9.58 177
W102-Ti-006 32.9 0.21 26.3 0.29% 30.9
W103%£Ti-001 15.1 0.12 13.5 0.07 10.3
W104-Cu/Ti-003 33.4 0

.16 23.1 0.45 38.8

Note 1.
Note 2. Insufficient electrical signal for measurement.

Note 3 Lifetime measurements subject to large errors due to extreme
shallow trap density.
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TABLE 12 (Cont.)

‘RECOMBINATION LIFETIME MEASURED BY PHOTOCONDUCTIVE-DECAY METHOD
(Q-Switched Nd: YAG Laser Excitation)

.. As Grown Post Diffusion_
Ingot Diffusivity ~ Lifetime Diff. Length [Lifetime Diff. Length

Idertification :Dh¢np(cm2fsy T (us) L (um) ’ T;(us) ~ L {m)
*105-V-001 14.8 0.07 ©10.2 0,07 0t o10.2
W106-N/AL-002 11.7 16.56 139 —— -
W10 7-Fz/A1-001 25.0 2.61 80.8 . 1.65 - 64.2
WL08-N/V-002 11.5 0.72 28.8 —
W109-C-002 32.4 3.05 99.4 1.72 74.7
W*110-Fe-001 13.8 Note 2 e Note 2 ---
W111-Cu/V-001 32.9 0.15 C22.2 0.16 22.9
W112-Ta-001 "32.4 1.06 58.6 0.68 46.9
W113-Fz/Cr-001 32,7 0.13 20.6 0.65 46.1
W114-00-000 7.5 6.75 71.2 . _ ——-
W115-N/Cu-002 11.7 8.39  99.1 e -
W116-Ph-001 21.7 1.61 ©59.1 - 2.40 72.2
W117-00-000 32.4 3.65 109 2,76 94.6
W118-Ph-003 26.8 4.16 106 2003 280
W119-N/Fe-002 11.7 5,21  78.1 S— —
W120-N/Cr-002 11.6 . - 7 -
W121-N/Ti-002 11.5 — - ——- -
W122-T1-007 322 0.68 46.8 --- ——-
W123-Ti-008 " 32.4 0.59 43.7 0.41 36.4
W124-Mo-003 32.6 1.94 79.5 2.18 84.3
W125-Mo-004 32.4 1.32 65.4 1.46 68.8
w-1262MPLT1-1 32.7 0.09 17.2 0.97 56.3
W-127-FZ/TI-001 33.2 0.92 55.3 1.08 59.9
W128-TA-002 32.4 2.62 92.1 1.94 79.3

W-129-00-000 - - --- --- ---
130-00-000 —-- - - - ——-
W131-Mn-008 - - - . .

Note 1.
Note 2. Insufficient electrical signal for measurement.

Note 3. Lifetime measurements éubject to large errors due to extreme shallow
trap density.
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TABLE 12 (Cont.)

RECOMBINATION LIFETIME MEASURED BY PHOTOCONDUCTIVE-DECAY METHOD
(Q-Switched Nd: YAG Laser Excitation)

As Grown Post Diffusion
Ingot Diffusivity Lifetime Diff. Length Lifetime Diff. Lengt

Identification nn/np(cmZ/s) . (us) L (um) tus) - Lgm
W-132-Ta-003- 32.2 2.69 93.1 1.65 72,9
W-133-00-000 31.9 1.61 71.7 2.80 94.5
W-134-Ti-009 32.7 0.79 50.8 0.58 - 43.5
W-135-Fe-005 32.4 0.34 33.2 1.69 74.0
W-136-Fe-006 31.4 0.07 14.8 0.59 43.0
W-137-Ti-010 32.4 0.79 50.6 - -—-
W-138-Mo-005 32.7 1.38 67.2 0.97 | 56.3
W-139-Mo-006 32,2 0.27 29.5 - -

W-140-Ti-011

Note 1.
Note 2. Imsufficient electrical signal for measurement.

Note 3. Lifetime.measurements subject to.large errors due to extreme shallow
trap density.
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4. CONCLUSIONS

The response of Ti or Mo-doped solar cells to gettering
treatments at tempefatures up to 1100°C for times as long as 5 hours
remainé‘unaffected when the base resistivity is dropped to 0.2 fiem
from 4 Qcm. The efficiency of the low and high resistivity Ti-doped
solar cells is impréved by the gettering treatment while that of the
Mo-doped cells remalns unaffected by gettering. (for the ranges of

parameters studied S0 far).

Gettering of the Ti-doped material reduces the density of
recombination centers. Detailed I-V measurements indicate that as
gettering time or temperature increase above 950°C the bulk lifetime
of the Ti-doped material improves. This increase in bulk lifetime is .
inversely correlated with the concentration of trapping centers measured
on the gettered material by deep level transient spectroscopy. The
DLTS data convincingly show that P0C23 gettering does not alter the
type of deep level (EV + 0.3 eV) present in the Ti-doped material but
rather reducesthe trap density, thus improving bulk lifetime and cell

performance.

Bulk lifetime (derived from ISc on miniature solar cells)
varies by about a factor of 2 across the diameter of 3 in. Mn-doped
Czochralski ingots and by about a factor of 1.5 across a
Ti-doped ingot. Similar seed to tang changes on bulk lifetime also were
observed. Since lifetime is inversely proportional to impurity
concentration we concluded that the total anisotropy in the impurity
distribution throughout the Mn and Ti-doped ingots was at most a Ffactor
of 2. Moreover,what variation is present is randomly distributed. A
change in impurity content of -the size we.infer would induce less than a
“+ 10% variation in the average cell performance, consistent with the

magnitude we measured.
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Ti and Mo bearing wafers heat treated at temperatures up to
800°C and times as long as 100 hours exhibit virtually no change in
solar cell performance compared to the unaged value. Apparently little
or no impurity-induced performance degradation occurs for these two
impurities. However we did observe cell performance degradation due to
interaction of the contact metal system with the bése material., After
10 hours at 500°C contacted cells had essentially failed completely by

this mechanism.
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. 5. PROGRAM STATUS -

The updated milestone chart is depicted in Figure 17.

5.1 - Present Status

During the past quarter we:

¢ Prepared seventeen Czochralski ingots for further chemical,

microstructural, electrical and solar cell evaluation.
® Determined the segregation coefficient of Co in silicomn.

® Measured the critical Fe, W, and Co melt impurity
concentrations at which single crystal structure breakdown

occurs,

¢ Completed initial gettering experiments on low resistivity

Ti and Mo doped ingots.

® Performed detailed I-V anaiyses and DLTS experiments to

elucidate gettering mechanisms in Ti-doped silicon.

¢ Performed a detailed assessment of Ti and Mn impurity
distributicns across and along the lengths of commercial-

size Czochralski ingots.

¢ Completed initial studies of aging (permanence) effects

in Ti and Mo-doped silicon solar cells,

¢ Updated PCD lifetime and diffusion length measurements for

as-grown and processed impurity-doped wafers.

5.2 Puture Activity

During the next quarter effort will focus on (1) evaluation of
HCf gettering to deactivate impurities in silicon solar cells (2) modeling
impurity behavior in single and multiply-doped n-base silicon ingots and
solar cells (3} impurity effects due to materials of construction and (4) _
extension of impurity aging studies to longer times and temperatures as wgl@ri'

as other impurities.
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7. APPENDICES

7.1 Ingot Impurity Concentrations
7.2 Resistivity and Etch Pit Density of Phase III Ingots

7.3 Carbon and Oxygen Analysis of Phase III Ingots
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Ingot
Tdentification

W~129-00-000 (7.6 cm.)
W-130-00-000 (7.6 cm.)
W-131-Mn-008 (7.6 cm.)

W-132-Ta-003
W-133-00-000
W-134-T1-009
W~135~Fe-005
W-136-Fe-006
W-137-T1-010
W-138-Mo~-005
W-139-Mo-006

W-140-Ti-011 (7.6 cm.)

W-141~Ho/Cu-001
w2142-00-000
wi143-11-002
WE144-Mo—-001
W-145-W-001
W~146-Co-001
W-147-N/Ni-002
W-148-N/Mn~002
W-149-N/Fe-003
W-150-N/V-003
W -151-00-000
W 152-Ti-001
H-153-N/Ti~003
W-154-N/Cr-003
W-155-N/Mo—001
W-156-N/Mo-002

PPENDIX 7.1

Ingot Impurity Concentration

Target
Coggentration
X10"° atoms/cm

Calculated
'Go¥gentration
X100  atoms/cm

NA
NA
-'0.6
0.0002
NA
0.05
1.0
0.3
0.21
0.001
0.0042
0.18
0.004/4.42
NA
0.20
0.0042
Max. Conc.
0.55
0.4
0.60
0.60
0.03
NA
0.2
0.01
0.55
0.001
0.004
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NA
NA
0.55
0.0009
NA
0.03
0.78
0.24
0.21
0.0008
0.0054
0.18

0.003/3.68

NA
0.17
0.0044

Processing
0.39

0.33
0.76
0.58
0.03

NA
0,22

0.017
0.71

0.001
0.003

Mass Spec.
A?alysis
x10'° atoms/cn

NA
NA
0.55
<0.5
NA
<0,25
1.5
1.5
<025
<0.5
<0.5
<0.25
<0.5/4.00
NA
<0.25
<0.5

Processing
0.55

<1.5
0.55
<1.5
<0.15
NA
<0.25
<0.25
0.35
<0.50
<0.50


http:0.004/4.42

APPENDIX 7.1

Ingot Impurity Concentration {(cont.)

" Target Calculated Mass Spec.
(ngot Concentration Concentration Analysis
[dentification XlOISatoms/cm3 X10!Satoms/cm3 X10}Satoms/cm 3
I~157-N/Ti/v~-001 Ti: 0.10 0.08 <0.25-
V: 0.10 0.12 <0.15
~158-N/Ti/V/Cr-001 Ti: 0.05 0.05 <0.25
V: 0.05 0.05 <0.15
Cr: 0.60 0.55 0.33-
~159-N/Cx /Mn/Ti/V-001 Cr: 0.4 ' 6:35 0.20
Mn: 0.4 0.32 0.25
Ti:°0.02 0.02 <0.25
V: 0.02 0.02 <0.15
12160-Ti-001 0.2 0.17 ' <0.25.
Z161-11-002 0.02 0.03 <0.25
f-162-Ni/Ti-001 Ni: 1.0 Processing <1.5
' Ti: 0.2 <0.25
#-163-Ni/V-001 Ni: 1.0 Processing 1.5
h ' V: 0.4 0.15
W-164-Ni/Mo-001 Ni:—1<0 Processing <1:5
) Mo 0.004 <0.5
W-165-Co-002 Co: 0.11 Processing <0.55
W-166-Fe-007 Fe: 0.9 Pro?essing 1.5
W-167-Nb-001 Nb: Max Processing <0.15
W-168-Ph-002 35 NA 110"
%2169-Ph-004 &7 NA =DM
W-170-Ph-005 66 NA Processing
W-171-W-002 Max. Conc. Processing . Processing

*  Low resistivity p-type ingot (£ 1Q-cm).
*% 30 Q-cm p-type ingot.

+ Value based on resistivity measurement.

65


http:Ti;'0.02

Ingot
Identif%cation

W-129-00-000 (7.6 cm)
W-130-00-000 (7.6 cm)
W-131-Mn-008 (7.6 cm)

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—lhO—Ii—Oll.(7.6 cm)}

W-141-Mo/€u-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/Mn-002
W-149-N/Fe~003
W-150-N/V~003
_W**-151-00-000
W*-152~T1-001
W-153~ﬁ}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

Resistivity and Etch Pit Density

‘APPENDIX 7.2

of Phase III Ingots

TGT

Resisfiﬁity
- (ohm—cm}

4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0

4.0

4.0

4.0
0.2
.2

1.5
1.5
1.5

30

30
1.5
1.5
1.5
1.5
1.5
1.5
1.5

(B)
(B)
(®)
(B)
(B)
(B)
(8)
(B)
(B)
(B)
(B)
(B)
(B)
(B)
(B)

(B)

(B)
()
(®)

(P)

®)
(®)
(8)
(B)
(’)
(P)
(P)
(®)
(®)
®)
(P)

Actual

Resistivity
{(ohm—-cm)

Etc'rf+
Pit Density

( /cm?)

4.7-3.0
4.7-3.7
6.0-3.8
3.8-3.4
4.3-3.7
b.9-4.4
5.3-2.1
©3.3-2.7
b.6-4.4
5.0-4.1
4.0-2.3
'3.6-1.7
4.7-3.0

0.22-0.20
0.21-0.15
0.23-0.19

4.5-4.0
b.7-6.2
1.9-1.4
2.5-2.1
2.0-1.6
2.0-1.5

35.6-18.1

31.9-25
2.1-1.1
2.1-1.4
1.9-1.8
1.7-1.3
2.0-1.6
2.1-1.6
2.0-1.8
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1 X-Gross Lineage
OK-Gross Lineage
OR-Gross Lineage
1~20K

OK-Gross Lineage
0-1CK
O—Grogs‘Lineége
1K~Gross Lineage
0-Gross Lineage
0-5K

0-Gross Lineage
5K~-Gross Lineage
2KrG£oss Lineage

0-3K

0-Gross Poly

0-Gross Poly
2K-Gross Poly
1K~Gross Poly
2-15K ’
1X-Gross Poly
3K-Gross Poly
1-5K

0-5K

0-Gross Poly
0-10K

3K~10K

1-4K

3K-Gross Poly
1-10K
1K-gross Lineage
1-2K


http:0.23-70.19
http:0.21-0.15
http:0.22-0.20

Ingot
Identification

Wx-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-?h-005
Ww-171-w-002

APPENDIX 7.2

Resistivity and Etch Pit Density
of Phase III Ingots - (Continued)

TGT

Resistivity
{ohm—cm)

1.0 (B)

30 (B)
4.0 (B)
4.0 (B)
4.0 (B) -
4.0 (B)
4.0 (B)
4.0 (B)
0.5 (B)
1.0 (B)
2.9 (B)
4.0 (B)

*  Low resistivity p-~type ingot (£ 1 Q-cm)

*% Use of double asterisk indicates 30 ohm-cm p-type ingot

Actual

Registivity

‘{ohm—cm)

1.3-1.0
31.8-21.7

4.5-4.0
4.8-4.4
4.7-3.2
4.5-3.8
4.7-3.0
4.0-5.7
0.41-0.50
Processing
Processing

Processing

‘Etch+
Pit Density

( Jen?)

2-8K

1-15K

OK~Clusters
1K~Clusters
OK~Clusters

D~5K

OK~Gross Lineage
OK~Poly

3-10K

Processing
Processing

Processing

+ 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 degredation commonly occurs at the tang end of the most

heavily-doped ingots due to constitutional supercooling.
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Ingot Number

W-129-00-000
W-131-Mn-008
W-133-00-000
W-135-Fe-005
W-137~Ti-010
W-139-Mo-006
W-141-Mo /Cu-001
W143-Ti-002
W-145-W-001
W-147-N/Ni—-002
W-149-N/Fe—003

W**151-00-000 (30Q-cm)

W-153-N/Ti-001
W-155-N/Mo~001
W-157-N/Ti/V-001
W-159-N/Cr—Mn/T1/V-001
Wr_161-Ti-002
W-163-Ni/V-001
W-165-Co-002
W-167-Nb~001
W-169-Ph~004
W=171-W-002

APPENDIX 7.3

Carbon and Oxygen Concentrations

of Phase IT1 Ingots

Carbon Concentration
x 1016 aroms/cmd

Oxygen Concentration
x 1016 atoms/cmd

11.3
5.3

10.4
9.4
5.3
6.5
8.3
-+
5.8

14.0
6.6
7.0

7.5
0.2

5.7
8.7
6.0
5.0
11.2
6.0
s

Processing

* low resistivity ingot

** high resistivity ingot

202
164
117
118
134
149
156
++
149
157
151
154

160
183

103
183
138
128
106
130

+

Processing

4+ Due to free carrier absorption infrared methods cannot be used for

carbon and oxygen determination in these samples_
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Astn: ¥r. Gregory Barthoid Bernd Ross Associates
3200 Aing Bldg. Attn: Dr. Bernd [oss
Washington, DC 20036 2158 Biackmore Court
) San Diego, CA. 92109
Arco Solar, Inc. 1 ]
Attny J. We Yerkes | ' The Boeing Company
205585 Plumer Street Attn: Elizabeth Zizmerman
CoaZuworcon, CA 91311 M/§ B88-05
P. 0. Box 3999
s~cenne National Laboratory 1 Seattle, Wi 98124
Lol Dr. Steven Danyluk :
700 Scuth Cass Avenue Boston College
Lrgonne, YL 60439 Departrment of Physics _
Attn: Professor Paco-Hsien Farg
Arizona State University 1 Chestnut Hili, MA 02167

Brown University
Devt. of Engineering

tin: Dr. Joseph J. Loferski
Providence, X 02§62

Hos. G2
copie:
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. . 3an Associates 1
ivza: Dr. Co T Sah

i3 .Pond Ridge Lant

Urbana, IL 61801

Czlspan Corporation D-89 1
Agza: Dr. Charles ¥W. Sauer

?., 0. Box 235

suffaic, NY 14221

Carnegie-Mellon University 1
Denst. Electrical Engineering
iwint Dr. Art Milnes

ieaeniay Park
Pivusburzn, PA - 15213

City ol Los Angeles 1
pDepertment of Water & Power

ttn: Frank Goodman

Room 1149

111 North Hope Street
Los Angeles, CA 90051

Clarkson College of Technology 1
‘Dept. of Chemical Engineering

We R. Wilcox

Potsdam, NY 13676

-~ deim -
el e

Clemson Usiversity 1
Dent. of Elect. & Computer Engr.

svwnt  Dr. John L. Prince

Rigrs Hall

Ciemson, SC ~ 29637

Commander 1.
G. S. Amy/MERADCOM , ‘

luime DEDWE-E/#r. Donald D. Faehn |,

Fore Seiveir, VA 22060 '

4

oasat Laboratories 1

00 Cozsat Drive
cwssurg, M 20734

€y R
[

»ru Percelain Company i
: Mr. David Wirth

ath Street

Co 80407

1o

ML
pr e
»

Coraing Glass Works

Industrizl Products Development
Attn: i¥r. Zaymond Ambrogi
Corniny, &Y 14830

Crystal Systems, Inec.
Attn: Frederick Sehmid
Shetlard Industrial Park
P. 0. Box 1057

Salem, MA 0O197C

Deposits &. Composites Inc.
Attn: Richard ‘E. Engdahi
318 Victory Drive

Herndon, VA  2207G

Dow Corning-Corporation
Solid State Research
t“tn: Dre. L. D. Crogsman
12534 Geddes Rozd
Hemlock, MI = 48626
Dow Corning Corporation
Attn: C. Gv Currin
Midland, »I 48640

Eagle Picher Industries, Inc.
Attn: ¥r. 2avl Grayson

Pl O, EC}: VIR
Miari, OR 74334

Electric Power Research Institute
Attn: E. 4. DeMeo

3412 Hillview Avenue

P. 0. Box 041z

Palo Aife, CA  YLEO3

Zlectro Oxide Jorporation
Attn: ¥Frank Sc. John

P.0. Box 15376

West 2alm Beach, FL 33405

Brery Muterizls Corporation
Evesr  Duve Jouwstt
30 Faulkner Suress

dyer, MA 07432

Zxotic Mabturials Inc.
snont We L. Lousks

L0384 Ramas_go. veEmUE
Coste 4€8a, Ca  II30

a—h
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Exxon Research & Engineering Co. 1

Attn: Dr. James Amick

P. 0. Box 8

Linden, NJ 07036

Ceneral Electric Company 1

Valley Forge Space Centeér

Attn: Aaron Xirpich'

P. 0. Box 8555

Philadelphiz, PA 19101 |

General Electric Company 1.

Corporate Research & Development

Attn: M. Garfinkel

?.-0. Box i3 i

Schenectady, NY 12301

General Electric Company

Valley Forge Space Center

Attn: G. J. Rayl.
Room M2445

P. 0. Box 8555 ‘

Philadelphia, PA 19101

Grumman Energy Systeéms, Inec. 1

Advanced Concepts ’

ittn: Mr. Edward Diamond ‘

4475 Veterans Memorial Highway

Ronkonkoma, NY 11779

Honeywell, Inc. ' 1

Corporate Technology Center

Avtn: J. D. Heaps £

_1070? Lyndale Avenue South
Bioomington, MN 55420

IBM Corporation 1-
2ttn: Dr. G.H. Schwuttke
East Fishkill, Rt. 52 )
Bopewell Junction, NY 12533

I3M Federal Systems Division 1
‘Attn: Donald F. Erat

©8100 Frederick Pike -

Gaithersburg, M 20760

iCT, Inc. 1
dten: L. P. Kelley

1330 Iacdusirial Drive

Srelby, Wi Lolss

International Rectifier
Semiconductor Division
Attn: M. F. Gift
233 Kansas Street
El Segundo, CA 90245
J. C. Schumacher Company
Attn: John C. Schumacher
580 Airport Road
Oceanside, CA  G2054
Jet Propulsicn Laboratory
Attn: (Contract Negotiator)
M/S 506-401
L300 Oak Grove Drive
Pasadena, CA 91103
Jet Propulsion Laboratory
LSA Project Data Center
Attn: Mrs. Loretta Steward
M/S 506-451
4800 Oak Grove Drive
Pasadena, CA - 91103

Jet Propulsion Laboratory
Teclmical Information Division
Attn: G. A. Mitchell, 1= 141
4800 Oak Grove Drive

Pasadena, CA 91103

Jet Propulsion Laboratory.
Technology Utilization
Attn: L. P. Speck

M/S8 180-302
4800 Gak Grove Drive
Pasadena, CA 91103

Kayex Corporation
Hameo Division

Attn: R, L. Lane

1000 Millstead Way
Rochester, NY 13624

Lamar University
Attn: Dr. Xe2ith Hansen
P. 0. Box L0222

Beaumont, TX 77710

20
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wnamer Yoiversicy 1
Attn: Or. Ku-Yeyn Li

P. 0. Box 10053

Beaumont, TX 77710

amar University . 1

Arent  Dr. Wayne Sanders
. Box 10028
Beaumcnt X 71710

'"d L it

OJ

Lamar University 1
titn: Dr. Carl L. Yaws

2, J. Dox 0053

Beaumont, TX 77710

Lockheed Missiles & Space Co. 1
Attn: L. G. Chidister
.. Dept. 62-25, Bldg. 151
2. 0. Box 504
Sunnyvaie, CA 94088

Lockheed Missiles & Space Co. 1
Attn: Paul Dillard
Dept. 62-25, Bldg. 151
P. 0. Box 504 .
" Sunayvale, CA ~ 94088

Los Alamos ‘Scientific Laboratory = - 1
Attn: S. W. Moore .

Group Q-11, Mail Stop 371
Los Alamos, NM 87545 .

Massachusetts Institute of Tech. 1
Lincoin Laboratory
Atin: Mr. Ron Matlin
foom I-216“* 5ﬁp“
P. 0. Box T3. -
Lexington, MA 02173

Massachusetts instltute of Tech. 1
Lincoln Laborateory
titn: Mr. Marvin Pope
Room I-210
?. O Box T3 :
Lexington, MA 321?3'

Massachusetts Institute of Tech. 1
ftta: Dr. Richard Tabors

3uilding E-38, Room 400
Camon —dge, MA 0273%

- Silicon Materizl Task

Dr. H. F. Matare
P. 0. Box 49177
Los Angeles, CA 30049

Materiazls Research, Inc.
Attn: Dr. Rem Natesh
700 South 790 East
Centerville, UT 84014

MB Asscciates
Attn: Mr. Len Foote
Bollinger Canyon Road
San Ramon, CA 94553
N
MB Associates
Attn: Mr. Robert Mzinhardt
Bollinger Canyonh Road
San Ramon, CA® 94583

McDonnell Douglas™
Astronauties Co~East

Materials & Processes

Attn: Mr. L. G. Harmon
Bldg. 106/4/37

St. Louis, MO 631766

McGraw-naison Company .
Edison Battery Division
itbtn: D. P. Spittlehouse

210 Redstone Hill Road
Bristol, CT 06010

Mobil Tyeo Soler 2 nergy Corp.
Attn: A. I. ?":.G‘.sty .
16 Hickory Drive-

Waltham, Mﬁ' 02154'.

Mobil Tyco Soimr unergy uorp.
Attn. K. V. .ﬂav.e-

16 Hickory Drive
Waltham, MA 02154

" Monsanto Research Corporation

Attn: H. Guische
P...0. Box §
St. Peters, ¥0 83378

‘. -
i
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coupic

4

o

LN

D‘.



M h et oAy wefe
JURRA ol 1 3 IR0 Aot

Yororole, Inc.
Semiconductor Group
Atcun: R. Gurtler

5005 East McDowell Road
Phoenix, AZ 85008

Mororola, Ine.
Senmiconductor Group

Avin: William Ingle, B136
50605 East Mchowell Road
Phoenix, &Z. B5008

Mosvoroliz, Inc.

Sem: conductor Group
&ttn: I. Arnold Lesk
5005 East MecDowell Road
Phoenix, AZ 85008

¥otorola, Inc.
Sezmiconductor Group
Attn: R. MeGinnis

5005 East McDowell Road
Prhoenix, AZ 85008

Motorola, Ine.
Semiconcuctor Group
Attn: D. Ros;er -
5005 East McDowell Road

Proenix, AZ 85008

Mount Edison US4, Inc.
Attn: Marrith Xasters

1114 Avenue of the Americas
Kew York City, NY 10036

$384 Headquarters . ' . ¥ k-
Irice of Energy PrO&PﬂMSi
13 ohn dorla
U\J\-\.o "t.;; - 1 2‘?
Hewoingoon, ol

Wi

>
..r

20546
NASA Beadgquarters

Avotar J. Pe Murlin
Code RP-D, /S RG36

Wasnington, DC 20546
WEEE Lewis Zesearch Center
Protovolisare Project Office
Lotmy Zoger 8. 2zlmer

¥/3 L9-5
2Ll Ewooiesark Roal
Claveluat, T2 ~=15

N P L v - vy
onE0 Flww = 3lizoon Zaturoal Tasg D3/3857%
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1

National Bureau of Zcandards 1
Attn: Dr. 3zr Corlell

Treasformation & Kinetics Sect.
Metalivrgy Division il .
Washington, DC = 20234

National Science Foundation . 2
Divisicn of Applied Research

Attn: Dr. Tapan Mukherjee

1800 G. Strect ¥.W.

Wezaington, DL 20550

Naval Underwater Systems Center 1
Attn: Dr. R. 3antopietro

uOCB 313
Bullﬂ_dz 25
New .oadov, CT 06320
Nav-Tee¢ Industries 1
Attn: Mr. Norman Sandys

87 Bethpage Road

Hicksville, NY 11802
S,
Northeast Solar Energy Center 1

Attn: Dr. Solonon .Zwerdling
70 Memorial irive
Cambridge, MA 021&2_.

Northeastern University 1
Mechzn.cal Eng. Branch/Campus
Attn' W. 3. Nowax

- 350 HBuntington Avenue

Boston, MA 02115

Optical Coating Levoratory, Inc. R
Attn‘ .J. Sha.”"“"" .

15251 Zzsv Jon Julicn Road

City of Industsy, Si | 91746

Jpto Technology, Ine. 1
Attn: ¥W. E. Hegberg
1674 South Wolf Road
Vheeling, IL 50090

Owens il.ndns; Inc. 1
Attn: G. L. Ghea

P. 0. Box 1:3

Toledo, OH  :355GH
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ne Perkin-Zlmer Corporation 1
ect*o—OptlcQ* D&Vision

.gin: Dr. Burke I. Helson

jorwalk, CT 00856

N tr,.t‘

PRC Erergy Analysis Company - 1
Avir: M». Arie P. Ariotedjo -

760C Jid Springhouse Road

MelLean, VA 22101

RCA Laboratories - 1
Davi¢ Sarnoff Research Center

Atun: Lo We Céllen

Zox 300
Princecon, NJ 08540

RCA Laboratories 1
David Sarnof{ Research Center

Attn: Dr. David Richman

Princeton, NJ 08540

RCA Laboratories T
David Sarnoff Research Center
Attn: Dr. Arthur Sherman
P, 0. Box 432 .
Princeton, NJ 08540
2CA Laborziories -0 1
Davidé Sarnofi -Rezezrch Center

dten: 3. F. Williams
Princeton, NJ  0B540

Zockville Refining Company 1
Atir: Bernard Free
Umit 3 .
7800 sirpark Road T 5% E3N
Gaithersdurg, MD 20760 7. ~

Roexwell Trcernational Corp. 2
Brectronics Aesesrcs Center .
tin: .Dr. R. P. Ruth

D/540, HA32 -
?C M;raloma AvéEnue -
a’te&mg ‘dA 92b03 ":

LA}

Sandizs Laboratories - 1
Division L7119

Aftin: Dr. Donald . Scaueler
Aibuquerque, KM 87185

oLt LIst vobh -

[
o

- -

Silicon Waterial Taal

Science Applications, Ine. 1
Attn: Dr. J. A. Naber

P. 0. Box 2351 ’

1200 Prospect Street

La Jolla, CA  G2037

Semiconductor Processing Company 1
Attn: Mr. Mayburg

10 Industrial Park Road

Hingham, MA 02043

Sensor Technology, Ine 1.
Attn: I. Rubin

21012 Lassen Street

Chatsworth, CA 91311

Shell Development Company i
Attn: Karl T. Geoeca ' :
P. 0. Box 2463
Houston, TX T7001

Siltec Corporation - 1
Attn: R. E. Lorenzini ’
3717 Haven Avenue
Menlo Park, CA 94025

Sol/Los, Ine. . 1
Attn: Milo Macha

2231 South Carmelina Avenue

Los Angeles, CA 90084

Sclamat, Inc.

Attn: Dr. Barton Roessler
4 Indigo Road
Barrlngton, RI
Solar Energy Researeh lnstitute 1
Attn: Dr. Charles J. Bishop

1536 Cole Blvd.

Golden, CO 80401

-t

02806

Solar Energy Research Institute 1
LEtn: Wendy Jackson

1536 Cole Blvd. . .
Golden, CO 80401

-t

Solar Energy Research Institute
attn: Dr. Paul Rappaport

1536 Cole Blvd.

Golden, CO  80H4OC1

Solar Energy Research Inscaitute
Attn: Dr. Macthew Sandor
1535 '::O:LG D Vo -

R L oe.

d
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solar Energy Sesearch Instit
Motovoltaic R anch

ittn: Ted oinck

B35 Colie 51vd.

3oiden, CO 50401

ute

Solar Energy Research Institute
Photovoltaic Program Office
Attn: Dr. Tom Surek

1536 Cole Boulevard

Su_aesn, CO - 8OO,

Soxrar Easergy Researcen Iustitute
Pnotovolialc Program OfTice
Attar Or. C. Edwin Witt

1536 Cole Blvd.

Golden, CO 80401

Solar Power Corporation
Attn: P. Caruso

5 Executive Park Drive
North Billerica, MA 01862
Solarex Corporation

Actte: Jomn V. Goldsmith
1335 Piccard Drive
Rockville, MD 20850

Solarex Coérporation
Litns Dr. Joseph Llndmayer
1535 .Picoard Drive
Rockvitle, #MD- 20850
Croernationsl, InNC.
Jenag Shanryar -
Suite 484 .- X
a0 Century ?laza e
2049 Century Park East
Los Angeles, Ca 90067
Southern FEuhOdlSE UﬁlV6?3¢t§
Tastitute of Technology - -
Electrical Enzineering Dept.
iton: Te Lo Chu
Sallas, TX 7527

Aztnt Z. L. Relph
c25L0 GLadsbong Avenue
sloor, A 9i342

A
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copies
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Spectroiat, Ine. ¥

Attn: W. Tayions _

12500 Gladstone ivenue

Sylmar, CA 91342

Spire Corporation

Patricts Park

Attn: Allen R. Kirkpatrick
P. 0. Box D
Bedford, MA 037320
Stanford Rauuarcn Inscitute
Attn: Vijay Kinup

Menic Ferx, 4 Gh025

- Stantford Research Institube

ittn: Dr. Leonard Nanis
¥enlo Park, CA 54025

Stanford University
Center for Materizls Research
Attn: Dr. Robert 5. Fiegelson
Stanford, CA ™ 94305

Stanford University
Stanford Electronies Labs
Attn: J. ¥, Gibbons
Stanford, CiL 9&365

Stanford Universicy

Selid State Elz¢uroniecs Lzb
Attn: Professor L. Pearson
Stanford, CA 94305

_ State University of New York

Coilege of Engineering :
Deperoment of Materials Science

- Attn: Dr. Frangiin F. Y. Wang

Stony Broqk, NY  1179%

Synthatron Copsoricior

ALU&.'—' .:.:::.:‘_u..‘f'u ./.l.r.:-.ﬁ{'..‘h
50 Iztarvulie ! _uu
Parsipeny, 85 07054

Tachnion anorasrated
Atta: G. L. Camnn
Suite T
11751 Sky Parxz
irvine, CA

h:..'i-,u

2700
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Texas In struments, Inc. 1

Aptnl D John .Robinson

all Stop 850

Higivey 75

Sherman, TX 75030

Texzs Instruments, Inc. 1

Semiconductor Group

Attn: S. N. Rea, MW/S 960
. P. 0. Box 225012
Dallas, TX - 75222

TexasInstruments, Inc. 1
Ser:conductor Group
Attn: Dr. Gene Wakefield
Mail Stop 82
P. 0. Box 225012
Dallas, TX 75222
Il R .
TRW Systems Group: 1
Attn: Paul ‘Goldsmith
Bldg. M1/1334
One Space Park. .
Redondo Beach CA 90278

Union Carblde Corporaticn 1
Chemical and Plasties

Attn: W. Breneman -
?. 0. Box 180
Sistersville, WV 25175

Union Carbide Corporaticn T
Cnemicals & Plasties . J:
Actn: Dr. P. J. O*enski Eo
Siiicones Bullding
Tarrguown, NY 105871

Tnion Carbide Corporation 1
fande Division .

tten: Dr. Hiroshi Horihara

?., 0. Box bb
Tonawanda, NY ,_13?50

Laiorn farbide Corporation . 1
IO *ec:nical Center

ititn: D», Pesho Kotval
Soroorate ;esearch Building
Terrycown, NY 10591

- 8ilicon Material Task

Union Carbide Corporation R
Technical Information Service
P. 0. Box 6116
Cleveland, 0OH 44101
United Detector Technoliogy, Inc 1
Attn: P. Wendland
2644-30th Street .
Santa Monica, CA  904C5
University of Delaware 1
College. of Engineering
Attn: Professor Xarl W. Boer
Du Pont Hall .
Newark, DE 19711
University of Missouri-Rolla i
Ceramic Engineering Department =
Atin: Dr. P. Darrell Ownby
Rolla, MO 65401

University of New Mexico 1
Bureau of Engineering Research

Faris Engineering Center

Attn: W. W. Grannemann, Room 124
Albuquerque, NM 87131

University of Pennsylvania - 1
Attn: Professor Martin Wolfl
308 Moore D2
Philadelphia, PA  1917%4..
University of South Carolina 1
College of Engineering -
Attn: R. B. Hilborn, Jr.
" Columbia, SC 29208

U. S. Department of Energy
Division of Solar Technology
Attn: Dr. Leonard M. Magld
600 E. Street, H. V.
Washington, DC 20545



J. 8. Department of Enerdy
Davision of Solar Technology
Attn: Mr. P. D. Mayecock

600 -BE. Street, N.W. -
Washington, DC . 20545

U. S. Department of Energy
Division of Solar Technology
Attn: Dr. Morton Prince

600 E. Street, N.W.
Washington,-DC 20545

U.-8. Department of Energy
Technical Information Center
Attn: T. B. Abernathy

P. 0. Box 62
Oak Ridge, TN 37830

Varian Associates

Lexington Vacuum Division
Attn: Dr. John A. Decker, Jr.
121 Hartwell Avenue
Lexington, MA 02173

Virginia Semiconductor, Inc.

ttn: Dr. Thomas G. Digges, Jr.

1000 Jefferson Davis Highway
Fredericksburg, VA 22401

kesteeh Systiens, Inec.

h;tﬂ- « L. Gill, Jr.
52z5 South 37th Street

Phoeﬁix, AZ 8500

Western Electric’

Semiconductor Materials Eaglneering

&ttn: R. E. Ruesser - 3510
555 Union Blvd.
Lllentown, PA 1893

No. of
coples

1
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" Pittsburgh, PA

Siiicon Materizl Task G372/
ra

Westinghouse Electric Corporation
Power Circuit ﬁreakgr Div.

ERC Heater Project

Atta: Dr. M. Fey

Trafford, PA 15085

Westinghouse Electric Corporation
Research Laboratories
Attn: J. R. Davis
M/S 501/2D28
1310 Beulah Road

Pittsburgn, PA 15235

Westinghouse FElectrie Corporation .

Rezezren Laborateories
Attn: K. H. Hopkins
1310 Beulah Road
Pittsburgh, PA 15235
Westinghouse Electrie Corporation
Research Laboratories

Attn: Dr. R. Mazelsky

1310 Beulah Road
Pittsburgh, PA 15235
Westinghouse Electric Corporation
Research Laboratories |

Attn: Dr. P. F. Pittman

13%s Bsulen Foad

Pitesburgn, PA 15235

Westinghouse Electric Coﬁporation'

Research Laboratiories
Attn: Dr. P. Rai-Choudhury
1310 Beulah Road

15235

Westinghouse Electric Corp.
Researcn Laboratories

Atitn: R. ¥. Riel
1310 Beulah Road
Pittsburgh, P4 15235

YeroX Zlectro-Optical. Sysiems
itin: Mr. Keith Winsor

300 North Halstead

Pasadena, CA 91107



