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. SUMMARY

The overall objective of this program is to define the effécts
of impurities, various thermochemical processes, and any impurity-
process interactions upon the performance of terrestrial solar cells.
The results- of the study form a basis for silicon producers, wafer
manufacturers, and cell fabricators to develop appropriate cost-benefit

relationships for the use of less pure, less costly solar grade silicon.

Nine 4 ohm-cm p type silicon ingots were grown and evaluated
in support of the experimental program this quarter. Of these,three
were polycrystalline ingots doped with Cr, Mo, and V, respectively,
produced under conditions which successfuly eliminated the metal-rich
inclusions formed when growth of these heavily-doped specimens was

attempted during the last quarter.

Evaluation of polycrystalline ingots doped to the mid 1013 cm_3

range with Ti or V showed little evidence for grain boundary segregation.
Deep level spectroscopy on both as-grown wafers and solar cells showed
little variation in impurity concentration from place to place across

the ingot regardless of the presence of grain boundaries or other structural
features. Solar cell behavior could be correlated with the electrically

active impurity concentration.

Deep level spectroscopy was also used to monitor the electrically
active impurity concentrations in ingots to be used for process studies,
aging cxperiments, and high efficiency cells. In each case,the observed
solar cell performance correlated very well with the performance projected

on the basis of the measured impurity concentration.

The basic aspects of a model to describe efficiency behavior
in high efficiency cells have been formulated and a computer routine is

being implemented for back field type devices to analyze the functional



relationships between impurity concentrations and cell performance.'
Qualitatively, the model projects that the threshold for impurity-induced
performancé. loss will be lower in high efficiency devices than in

comparable standard devices.



2. INTRODUCTION

This is the nineteenth quarterly report describing activities
conducted under JPL Contract 954331, and is the second report of the
Phase IV studies.

In Phase III, "An Investigation of the Effects of Impurities
and Processing on Silicon Solar Cells," effects of thermal processes,
impurities, and impurity-process interactions were determined and
documented., The development of this data base‘has led to a more
precise definition of what constitutes an acceptable 'Solar Grade" Silicon.
In addition, it has provided silicon manufacturers with a rationale for
selection of construction materials; moreover, it has helped ingot,
sheet, or ribbon manufacturers to specify the purity of silicon feedstocks.
Finally, it has enabled cell manufacturers to define acceotable wafer
purities for cell fabrication and to choose processes which minimize
adverse impurity effects. In short, the impurity effect data provide a
basis for cost-benefit analysis to producers and users of Solar Grade

Silicon.

In Phase IV‘oftthis program; the approachesandtechniques
developed in Phase III are being.éxtended to se&eral new areas, as well
as to develéping an improved data base for aging eifects and certain
process-related phenomena. The fhase IV tasks iﬁclude (1) evaluation,
by previously developed process techniques,'of the properties of silicon
produced by experimental low cost processes; (2) extending threshold
impurity concentration data to high efficiency cells; (3) measuring the
effects of interaction between impurities and grain boundaries in poly-
crystalline solar cells; (4) evaluating the long term effécts of im-
purities in solar dells; and (5) examining the effects of procésses such

as ion implantation on contaminated solar cells.



3. TECHNICAL PROGRESS

3.1 Crystal Growth and Anélvsis

2.1.1 Ingot Preparation

The second quarter's effort consisted of monocrystalline
silicon ingot growth and regrowth of polycrystalline ingots prepared
earlier. The polyrrystalline ingot regrowth was necessary to replace
poly ingots grown in the previous quarter that exhibited metal-rich

inclusions when high melt doping levels were employed.

Nine 4 ohm-cm p-type silicon ingots were grown this quarter
with each ingot's intentionally added impurity dopant, associated
crystalline structure, and task indicated in Table 1, In accordance
with the earlier phases of the program, each ingot was prepared by the

Czochralski crystal growth method. Details of the crystal growth

(1.2)

-

equipment and conditions can be found in earlier reports

3.1.2 Ingot Evaluation

This quarter's ingot growth Qas initiated with W-213 Pb. As
with carlier.repurts, detailed ingot impurity data are indicated in
Table 2, with the listiﬁg of ingot identification. intentionally-added
target impurity concentration. ingoﬁ impurity concentfation based onl
melt analysis by atomic abéorption (calculated concentration). and ingot .

) . , . : (2.3
seed impurity concentration measured by spark sourcc mass speclLrometry” ).

Two W-213 Pb-doped ingots were attempted, each melt containing
greater than 1% by weight intentionally added 29.999% purc Pb.dopanL.
Both ingots had n6 detectable Pb Table 2, (W-213Pb) as
indicated by atomic absorption-calculated concentration, and spark
source mass,spectfometer analysis. The inability to detect Pb was
consistent with the visible Pb vaporization cloud observed during crystal

growth (Pb vaporization pressure greater than 1 mm Hg at 1400°C).




Polycrystalline ingots W-214 V, W-215 Mo and W-216 Cr were
grown at reduced dopant concentrations to replace poly ingots W-200 V,
W-201 Mo, and W-204 Cr grown during the previous quarter. This
eliminated the metal-rich inclusions formed in the earlier poly growths
as well as the submillimeter-size grain structure. Figures 1 and 2
illustrate the 1 to 3 millimeter sized grains typical of ingots W-214
to W-216. The absence of inclusions is clear from the microstructures
shown and is also supported by the good agreement between the spark
source mass spectroscopy data and calculated ingot concentrations, Table
2. In comparison the mass spectrographic data for ingots W-200, W-201
and W-204 showed large and variable values of impurity content due to

inclusions.

As expected, the calculated impurity concentration data
obtained from atomic absorption analysis of the melt after ingot growth

continues to agree quite satisfactorily with the target values.

(3)

A best estimate of the impurity concentrations for Phase IV
ingots is listed in Table 3. The spark source data for the poly ingots
W-200. W-201. and W-204 were omitted from the list due to the analvtical
problems cited above. The best estimate for W-212 was obtained from

the calculated value. Additional spark source evaluations on W-212 will
be completed early the next quarter to determine the rcason for the

difference between the calculated and spark source results.

The resistivity and etch pit data for all of Phase IV ingots
are indicated in Table 4. The values for each ingot continue to fall
(3)

close to the norms established in earlier phases of this program.

Etch pit analysis is not applicable to the polycrystalline samples.

The carbon and oxygen concentrations of each odd-numbered ingot
were measured by infrared absorption at room temperature using Fourier
Transform Infrared Spectroscopy. The amplitude of the absorption peaks
at 606 cm—l and 1107 cm_1 is proportional to the carbon and oxygen
concentrations, respectiveiy. The constants of proportio?ality used in

2)

these measurements were 2.2 for carbon and 9.6 for oxygen . Normal

carbon and oxygen concentrations found in Cozhcralski grown material are

tn



Figure 1 Microstructurg of Ingot W214-V-006 Poly. Optical micrograph. 6X.




Optical micrograph, 6X.

Figure 2 Microstructure of Ingot W215-Mo-009 Poly,



TABLE 1. INGOT IMPURITY, STRUCTURE, AND TASK

Impurity

Pb
v

Mo
Cr
Ta

Ta

Ni

Structure
Single
Poly
Poly
Poly
Single
Single
Single
Single

Single

Task
Processing
Poly
Poly
Poly
Processing
Processing
High Efficiency
Processing

Permanence



Ingot
Identification

W-198-00-000
W-199-00-000
W-200-V-004-Poly
W-201-Mo~-007-Poly
W-202-Ti-013-Poly
W-203-V-005-Poly
W-204-Cr-008--Poly
W-205-Fe~009-Poly
wW-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-Poly

W-215-Mo-009-Poly"

W-216-Cr-010-Poly
W-217-Ta-005
W-218-Ta-006

W-219-v-008

TABLE 2.

Max. Conc.

0.20
0.0025
0.80
0.00015
0.000065

0.007

" INGOT IMPURITY CONCENTRATION
Target Calculated
Cngentration Coqgentration

(x10 atoms/cm x.0

None N/A
None N/A
0.4 0.38
0.005 0.003
0.02 0.018
0.04 0.053
1.0 0.82
0.8 Processing
0.02 0.026
0.002 0.002
0.2 0.19
0.02 0.024
0.08 0.10
1.0 1.0
10 12.5

Non Detectabhle

0.30
0.002
0.64
0.0003
0.0001

Processing

Mass Spec.
nalysis

atoms/cm%(glg{ atoms/cm3)

None
None -
18.5%
77*

<0.25

<0.15

1322%*

Processing

<0.15

<0.5
0.6

<0.25

<0.25

80.5

<0.10+
0.55*%*

<0.5%*
2,2%%

<0.5

<0.5

Processing



TABLE

‘Ingot
Identification

W-220-W-005

W-221-Ni-005

2.

INGOT IMPURITY CONCENTRATION (continued)

Target Calculated

Méss Spec.
Copgentration Coggentration alysis
(xlOTg atoms/cm3) (3(‘10[1'(‘s atoms/cm3)_£x10fgl atbms/cm3)

0.0008 Processing

10 Precccoing

Processing

Procensing

* Ingots contain metal-rich inclusions due to constitutional supercooling.
** Ingots regrown to remove metal-rich inclusions due to constitutional

supercooling.

+ Pb dopant vaporized on two separate ingot growths.

10




TABLE 3.

Ingot

Identification

- W-198-00-000 .

W-199-00-000

W-200-V-004-Poly

wW-201-Mo-007-Poly

W-202-Ti-013-Poly

W-203-V-005-Poly

W-204-Cr-008-Poly

W-205-Fe-009-Poly

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-Poly

W-215-Mo-009-Poly

W-216-Cr-010-Poly

W-217-Ta-005
W-218-Ta-006
W~-219-V-008
W-220-W-005

W-221-Ni-005

+ ND - Non Detectable

11

'BEST ESTIMATE OF IMPURITY CONCENTRATIONS

Best Estimate

of I
(x 10

Tgurlty Conc.

atoms/em> _)

NA

Processing

0.026
0.002

12.5
ND+
0.4
0.002
1.0
0.0003
0.0001

Processing
Processing

Processing




'.TABLE,4F';INGOT ELECTRICAL AND DEFECT CHARACTERISTICS

Ingot
Identification

W-198-00-000
W-199-00-000
W-200-V-004/Poly
W-201-Mo-007/Poly
W-202-Ti-013/Poly
W-203=v-005/Poly
W-204-Cr-008/Poly
W-205~Fe-009/Poly
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-Poly
W-215-Mo-009-Poly
W-216-Cr-010-Poly
W-217-Ta-005

W-218-Ta-006

TGT
Resistivity
(ohm~-cm)

4.0

12

Actual

Resistivity
(ohm-cm)

Pit Den
- ( /c

4.1_309
3;7_3.5

3.6-2.3

3.8_2o3

5.3-3.9

4.4—308

4.7—4.3

Tncomplete

3.7-3.6
3.8-3.5
3.7-3.5
4,0-3.3
4,0-3.5

4.0-3.1

3.9-3.3

3.3-2.7
3.8-3.1
3.8-1.7

7.6-2.9

3.5-3.0

3.7-3.2

Etch

0-3K

1-5K
NA
NA
NA
NA

NA

ity
3)

- e

Incomplete

0-5K
5-20K
10-20K
NA
NA
NA
0-10K

5K

o
|



TABLE 4. INGOT ELECTRICAL AND DEFECT CHARACTERISTICS

Ingot
Identification

W-219-V-008
‘W-220-W-005 -

W-221-Ni-005

TGT Actual Etch

Resistivity Resistivity Pit Deniity
(ohm-cm) (ohm-cm) ( /cm“)

4.0 Processing Processing

4.0 - Processing Processing

4,0 Processing Proccesing

13



TABLE 5., INGOT CARBON AND OXYGEN CONCENTRATIONS

Carbbn ' ’ Oxygen

Ideni?%?gation. . (gggggegtéﬂgiggij (ngfgegtg;:}ggf)
W-201-Mo-007/P o 7.0 120
W-203-v-005/P | . | B 12 116
W-205-Fe-009/P 8.0 .66
W-207-Mo-008 5.4 R4
wW-209-Ti-014 6.4 120
W-211-Cu-007 6.0 ) 111
W-213-Pb-001 8.0 . 105
W~-215-Mo-009-Poly 10.0 110
W-217-Ta+005 12.0 | | 98
W-219-V-008 25,0 84
W-221-Ni-005 Processing ‘ Processing

14



"in the range of 2.5 to 5x1017 atoms/cm3 for carbon and 5 to 150x1016

a.toms/cm3 for oxygen. As usual, no significant deviations from these

values were 6bsérved this quarter éé indicated ' in Table 5.

3.2 Deep Level Measurements

'Deepllevel ﬁransient spectroscopy-(DLTS) and solar cell
measurements have been performed on ingots 206, 207, 208, 209, 210, and
211.to monitor impurity behavior an& response of impurities to cell
processing. Thirty mil diameter Schottky barrier diodes were fabricated
on the p-type wafers for the DLTS méasﬁrements.' The solar cell mesas
were subdiQided into thirty mil diameter diodes to study the response

(3)

of the impurities to the solar cell diffusion near -the junction.

The DLTS results on the as-grown wafers and solar cells are
listed in Table 6, along with the éctivity ratios (ratio of the
electricaliy active impurity concentration to the ﬁetallurgical

concentration in the wafer) of the impurities. These are the same deep
| levels, for Mo, Ti, V and Cr impurities we have previously reported(3).
No deep level was found in the Cu-contaminated crystal, Most of the
data in Table 6 are consistent with our previous results(s); i.e., the
activity ratios for Mo, Ti, V and Cr are 1, 0.4, 0.28 and 0.23,
respectively., Slight variations in these numbers are attributed to the
uncertainties in the best estimate metallurgical concentration numbers

(about a factor of 2). |

Table 7 illustrates a comparison of the expected cell

(3)

etficiency calculated from the model and the observed cell data.

Again, a reasonable agreement was observed in most cases.

3.3 Polycrystalline Material and Cell Evaluation-

Solar cells have been fabricated from polycrystalline wafers
purposely contaminated with an intermediate concentration of Ti or V
(ingots 202-Ti and 203-V). DLTS measurements were then performed to
identify any influence of microstructure on the active impurity
concentration. A large numer of 30 mil and 16 mil diameter Ti-Au

Schottky barrier diodes were made on the wafers for the DLTS measurements,

15



TABLE 6

DLTS RESULTS ON SINGLE CRYSTALS

91

“Active Impurity
Concentration (cm )
Bast Estimate cf - N
-Metallurgical Impurity : In the Wafer In the Cell ™
Ingot ID Concentration @NM) NTw (near junction) Ny
. . : . N
-TC
206-V 2.6 x 10%3 | 6.43 x 10% ‘undetectable 0.25
207-Mo 2.0 x L013 _ 2.2 x 1012 9 x 1011 .o 1.1
208-Cr : 1.9 x 1014 3.91 x 101'3 : undetectable - 0.21
209-T1 2.0 x 1003 ' 8.12 x 1072 No data T 0.J40
210-T1 ) 1.0 x 10 2.91 %1002 " No data ' 0.30
) 15 oo ’
211-Cu 1.8 x 10 undetectable . No data -




TABLE 7

EXPECTED AND OBSERVED CELL PERFORMANCE FROM INGOTS 206 to 211

Target Impurity Expected Cell Observed Cell
Ingot ID Concentration Performance Performance
cm n/n n/n;
B B
206~V 2 x 10%3 0.78 0.77
12
207-Mo 2 x 107~ 0.78 0.81
14
208-Cr 1.9 x 10 0.81 0.94
. 13
209~-Ti 2 x 10 0.68 - 0,57
. 14
210-Ti 1.0 x 10 0.50 0.50
211-Cu 1.8 x 1015 1.0 0.99

17




and the results are compiled in Tables 8 and 9. Optical micrographs of

the ingot wafer showed a varietv of structural features including twins

and grailn boundaries, e.g. Figure 3. Some of the diodes overlay these
microstructural boundaries while others encompass almost none of these
defects, The polycrystalline celi aéfa.along with similar data from single
crystal cells containing about the same amount of impurity are shown in

Table 10,

The pfeliminary data in Tables 8 and 9 imply that regardless
of the microstructural vafiétion of the éiiiéoﬁ“ﬁnder the diodes, there
is only a small variation in the.active Ti or V concentrations over the
area of the wéfer. This suggests no appreciable impurity segregation at
structural defects in these ingots.

The average active V concentration in wafers from ingot 203-V-Poly

13 -3 ' .
was 1,7x107" ecm ~. The expected active vanadium concentration in a single

crystal wafer containing 5x1013 cm-3V would be l.4x1013 cm“3 (based on
the activity ratio of 0,.28), This indicates that, in this concentration
range of the V impurity, there is no appreicable influence of micro-
structural features on the activity of the vanadium. The DLTS observation
is consistent with the cell data in Table 10, which show tlut the
performance of cells.from ingot 203-V-poly is nearly the same as expected
from a single crystal cell with a similar vanadium content. Since in
baseline cell efficiency, the somewhat lower normalized efficiency (0.67
instead of 0.70) of the poly cells could be explained by the small
adverse effect of the grain boundaries beyond the effect of vanadium
itself. It is important to recognize that grain boundaries by themselves
can degrade the cell performance. However, if a harmful impurity is
present in sufficient quantity then thic cffect may become secondary

(%=, : + - ).

. . T .
impurity mlcrostructure

18
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Figure 3 Microstructure of wafers cut from ingot W203V005-S Optical
micrograph, 6X. The photograph is also very typical of
the features observed in Ingot W202Ti013.

19
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TABLE 8
DLTS RESULTS FOR INGOT 202-Ti-poly
: 13 -3
® Nominal Ti concentration = 1.8x10 cm

® Expected active Ti concentration in single crystal = 7.2x1012cm

Concentration of
Schottky barrier diode No. Ey+0.30 eV Trap (cm™3)

Top l.lelO13

1S Middle 1,185x100°
Bottom 1.106x1013
Top lxlO13

25 Middle 7.86x1012
Bottom 1.06x1013
Top 1.18x1013

3S Middle 1.03x1013
Bottom l.lxlO13
Top l.23x1013

45 Middle 1.lx1013
Bottom 1.14x1013
Top 1.12x1013

58S Middle 1.12x1013
Bottom 1.12x1013

20
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TABLE 9

DLTS RESULTS FOR INGOT 203-V-Poly

® Nominal V concentration = 5.0x10

13

cm

-3

@ Expected active V-concentration in single crystal =

1.40x10%3 cm

-3

ID of Schottky barrier diode

Conceqtration of
Eyt0.42eV  Trap

28

3s

4s

1S

Top
Bottom

Top
Middle
Bottom

Top
Middle
Bottom

Top
Middle
Bottom

1.6x1013

1.6x1013

1.76x1013
13

2,.15x10
1.85x1013

1.57x10%3

1.6x10%3

1.67x1013

1.7x1013
3

1.9x101
1.9x]013

3 -3

1
® Average active concentration v 1,70x10 ~ cm

21




" TABLE 10

CELL DATA FOR IMPURITY DOPED POLYCRYSTALLINE INGOTS

Impurity Expectéd Cell Observed
Ingot I-D Concentration Performance of Performance of
& (cm™3) Single Crystal Poly Cell
n/ng & ' n/nB *
12 )
201-Mo 3x10 0.72 Crystal Breakdown
: Shorts in the cells
200-v 3.8x1014 0.42 "
: . 13
202-T1i 1.8x%10 0.70 0.57
Requires Investigation,
suggests segregation
13
203-v 5.0x10 0.7 0.67
Indicates no
significant segregation
* Ny is the single crystal baseline efficiency

22




I

" The active Ti concentration deduced from the DLTS data on wafers

from ingot Ti-202-poly was 1.12x1013 cm-3. The expected active Ti

concentration in a single crystal wafer containing 1.8x1013 cm-3 Ti would

be 0.72x1013 cm“3 (based on the activity ratio of 0.40), The normalized
efficiency of the poly cell is 0.57, which is much lower than the
efficiency of a single crystal cell (0.70) contaihing 1.8x1013 cm-3 Ti.
These deécrepancies could be due to the following: i) an error in the
best estimate of the metallurgical Ti concentration, ii) an increase in
the activity of Ti due to microstructural defects, or iii) microstructural
influence on the cell performance that is larger than the effect of the

Ti impurity; The first possibility seems most likely because the observed
active Ti concentration is a factor of only 1.4 higher than the active

Ti concentration derived from the best estimate of the metallurgical Ti
concentration, where an error as high as a factor of 2 is possible. The

1 -
electrically active Ti concentration of 1,12x10 3 cm 3 in a single crystal

represents a metallurgical concentration of 2.8x1013 cm_3 which in turn
gives a normalized single Cffstal cell performance of 0.63. This is in
much better agreement with the observed polycrystalline cell performancé'
of 0.57 and the remaining difference then can be attributed to the

influence of grain boundaries.

The second possibility, an increase in Ti activity, is contrary

to our previous observation on ingot 102-Ti-poly where there was a slight

decrease in the activity of Ti (less than a factor of two). The. observed

uniformity in active Ti concentration over the wafer is also at variance
with the possibility of microstiructure-induced increase lu Lhe Ti

activity.'

The third possibility, very large grain boundary effects, seems
unlikely because the junction response (leakage current and shunt-
resistance) of the cells was quite reasonable, Further work is in progress

to.check these possibilities.
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3.4 Permanence of Impurity Effects .in Silicon and Silicon Solar Cells

5.4.1 Accelerated Aging

(4)

We reported last quarter “the results of accelerated aging
behavior for solar cells contaminated with the impurities Ag, Nb, Fe, Mo,
Ti and Cr. Among these Cr and Ag- doped solar cells degraded most

rapidly as might be expected for a diffusion-controlled thermally
activated process. To complete these studies two more ingots dooed

with Cu and the maximum possible Ae concentration are.beine subiected

to accelerated agine of temperatures between 200 and 800°C. Both of these
impurities represent rapidly diffusing épecies; Ag degrades the cells

by reducing bulk lifetime while Cu produces junction degradation thus

both mechanisms of cell damage may be evaluated. These experiments now

underway will be reported in full when completed.

3.4.2 Thermally Activated Diffusion

The maximum impurity concentration in Czochralski ingots is
limited by the effective segregation coefficient of a given impurity and
the tendency of the ingot structure to breakdown at high melt impurity
concentrations(3). A second method for intfoducing impurities in silicon,
thermal diffusion, is not limited in this way and we are using this
method to (1) introduce higher impurity concentration in solar cells (2)

and (3) produce graded impurity concentrations like those in real cells

(see comments in section 3.6).

To represent a range of impurity behavior, the elements Fe,
Mo, Ti and Cr were selected for the first studies. A 'inn; thick layer of
each metal was evaporated onto the surface of a precleaned and uncontaminatec
baseline wafer then diffused into silicon for thirty minutes at a
temperature of 800°C. Spreading resistance measurements on the angle lapped
wafers will be used to identify suitable temperature-time cycles for each
impurity. Later DLTS will be emploved to determine the active concentrations
for each specimen. These data coupled with solar cell I-V measurements
will be used to extend the concentration range over which the aging data

extend.
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3.4.3 Combined Thermal and Electrical Stress

Because a solar cell operates both at temperatures above
ambient and in the presence of an electrical bias a second set of aging
experiments will be carried out to identify what effects, 1f any, the
combined stresses produce. Five impurities have been identified for the
study and the appropriate impurity concentrations and ingot identifications
are listed in Table 11. These are the same impurities examined in the

accelerated thermal aging studies.
TABLE 11
" INGOTS FOR ACCELERATED AGING WITH ELECTRICAL BIAS

Best Estimate

ingot 1D Impurity Concentration

(1015 cm-3)
W 192 Ag 001 2.2
W 183 Nb 002 : <0.009
W 166 Fe 007 1.06
W 167 Nb 001 ' <0.044
W 056 Cu 005 | 65
W 123 Ti 008 '0.105

A suitable test fixture has been designed and fabricated to
bias test up to thirty cells simultaneously. The bias will be 30ma/cm2
on each cell and the first tests will be carried out at 150°C., Solar
cells from each . of the ingots listed above have already been fabricated

and tested to determine the zero time, or baseline, I-V characteristics.
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3.5 Thermochemical Processing

" Examination of impurity-process interactions is being extended
to polycrystalline and ion-implanted silicon. Polycrystalline wafers
from ingots W202T1013, W203V005, W214V007, and W215Mo009 studied for
thermochemical gettering effects by subjecting them to POCIL3 and HCE-O2
containing ambients. Temperatures in the range 950 to 1200°C will be
employed as déscribed in earlier reports(3). These impurities represent
fast and slow diffusers in silicon. Results of the studies then will be
compared to data already obtained with single crystai wafers. So far

the initial baseline cell diffusions have been performed.

Wafers frbm ingots W211Cu007 and W210TiO0l5 are being used for
studies of gettering by Ar ion implantation damage, The effects of this
back side gettering. both alone and combined with POC!L3 and HCL gettering
will thus be studied for a fast and a slow diffusing impurity. Baseline
cell data on each ingot has been obtained and the Ar ion implants will be

carried out shortly.

Wafers from ingots W209Ti014, W210Ti015, W211Cu007, and W135Fe005
will be made into solar cells with front junctions formed by the Spirc
ion implantation process. Comparison of these solar celle with implantcd
baseline cells and with diffused junction impurity cells will identify
any impurity effects which may be ascribed to the ion implantation

process itself,

3.6 Impurity Effects in lligh Efficiency Cells

The substaiitial cust-benefitr of increased solar cell efficiency
makes it important to examine the impact of impurities on high efficiency
devices. It would be- of considerable value if we could project the high
efficiency behavior from the existing data base. To this end, the
following discussion compares our standard device design with denigna

capable of higher efficiency.
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The standard 4 ohm-cm p~base device is about 275um thick with
an ohmic back surface and 5% contact grid coverage. With no impufities
added this device, using AR coating, achi.eves 14.5% efficiency and has a
base diffuéion 1éngth of 170um. The efficiency of this conservative design
can be improved in several respects. First, the optical efficiency could
be increased by the'useiof a textufed surface, multi-layer AR cdétings
and reduced contact grid'coverage.'The éombined effect of these changes
could result in a cell efficiency approaching 15.7%; however, since
impurities act primarily to reduce the diffusion length, the improved
design would exhibit the same sensitivity to impurities as does the
standard dévice. Therefore this abproach is unsuitable for examining the

design-dependent impurity effects,

A second method of impurity efficiency is to exploit the voltage/
current trade-offs obtained by lowering the base resistivity. In this
case, current experience has shown too small an efficiency improvement to

be useful for our purpose,

The third and simplest approach is to increase the base-width
and use fabrication techniques to maiimize the base diffusion length. This
has the effect of decoupling the high recombination back surface from the
junction and the base region near the junction where the majority of
photons are_absorbed. The result is increased short-circuit current, open-
circuit voltage, and efficiency. Furthermore, this device is accurately
described by the same model equations as is the present standard device.
While this is clearly not a cost effective means of producing high
efficiency cells, it does provide a very simple, easily understood tes£

structure for the impurity effects study.

The final design apprqach, and the one capable of the highest
efficiencies, requires a back surface field along with careful processing,
again to maximize base diffusion 1eﬁgth. This has the same effects as -
does the wide base along with the advantage of allowing the use of thin
cells. Cells only 50pum thick have been made with efficiencies of 16%.

In this case, the impurity model equations apply only approximately,and
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a more exact analysis is necessary to determine the detailed relationship
between :impurity content and cell performance.

We can predict the impurity effect dccurately for wide-base
devices and approximately for the backfield devices, The impurity model(3)
relates the normalized short-circuit current(I,) to the impurity

concentration (Nx) in terms of a threshold concentration (Nox) above

which cell pérformance is substantially degraded

I 2 Ny
[I—— - l] = Cl [l + r] (1)
n . OoX.
where C1 0.0121 and Inm' 1.11 are model constants which we assume will

change little for the high efficiency structure. It can be shown,that:'

N = ——— (2)

where kx is a constant for impurity x, related to its recombination
cross-section which is independent of cell design and Lno is the

diffusion length in baseline devices (no impurities present),

We can now relate the threshold of the high efficiency (HE)
cells to that of the standard (SE) cells in terms of their relative

base-line diffusion lengths.

(3)

Nox HE) [Lno <_92]2
NOX(S) Lnn(HE)

The diffusion length in base-line standard cells is %~ 170um, corresponding
to an efficiency of 14.5%. 1In a 167% efficient cell we have measured a
diffusion length of ~ 585um, These data imply that the impurity thresholds

in these high efficiency structures will be reduced by a factor of about 12,
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Similarly a low efficiency (LE) cells will have a higher
theshold. E*pgrimental éells«having a baseline efficiency of 10.6% and
‘diffusion léhgths v 62ﬁmhwere measured with 3x1013 cm'3 Ti added. The
resulting deQices wére 8.7% efficient and had diffusion leﬁgths of 40um.
Thus the calculated threshoid for Ti in thesé'dévices is 2.4 times longer
than the value for our standard devices. The N_ (Ti) for standard
devices 1is v 2.7x1012 and in the LE devices theozbserved value equals

3 8x1012, in good agreement with the calculated value of 6.5x1012.

Experiments are in progress using both wide base and backfield

structures: however, no data are available as vet.

There are two additional important impurity-related considerations
which have not yet been adequately dealt with in the device analysis and
impurity effect modeling. The first concerns non-uniform impurity -
distributions in the direction normal to the junction plane, which has
been shown by deep level measurements to be present in virtually all
completed solar cells, These non-uniform distributions are a consequence
of intentional gettering processes or gettering which occurs during
various process heat-treatment steps, including the junction formation step.
In addition they may result from unintentional in-diffusion of contaminants
during these same heat treatments. In the modeling analysis the effect
of these profiles is included implicitly but only terms of the average
impurity content. A more accurate description of the influence of the
impurities requires considering where they are as well as how much. The

analysis of these profile effects demandsa more sophisticated model.

The second neglected consideration arises when one attempts to
design a device which is maximally efficient, using ‘silicon with a
limited diffusion length. A backfield device with a limited base diffusion
length will yield a maximum efficiency for base widths which are small with
respect to the diffusion length. This can be shown with a simple device
model; however, for a-device structure with nonuniform diffusion lengths,
the optiﬁum thickness can be determined only with a distributed numerical

model,
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For this purpose we are presently implementing a compiter
modél cap.ble of analyzing these situations as-well-as providing the necessary
functional relationships between the impurity concentrations and cell

performaﬂce for backfield cells.
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4, CONCLUSIONS-

Nine new silicon ingots were grown during this quarter. A
slight reduction in impurity concentration of V, Mo, and Cr in poly-
crystalline ingots has apparently eliminated the metal-rich inclusions
formed in the first ingots of this type grown earlier in the program.
Constitutional supercooling induced structural breakdown was confirmed

as the source of the inclusions,

Very little lead can be incorporated into silicon ingots
because of high vapor pressure of this element at the growth temperature.
Thus Pb falls in a category with Zn, Na, and Mg as elements which make

crystal growth difficult rather than degrading solar cell properties.

Measurement of deep level traps and cell efficiency for cells
containing Mo, Ti, V, and Cr have corroborated previous conclusions
regarding the fractions of atoms which are electrically active and their
effects upon solar cell efficiency. No deep levels ascribable to Cu
could be detected. This is consistent with solar cell I-V data and

previous bulk lifetime measurements,

DLTS measurements made on polycrystalline materials show no
appreciable segregation of Ti and V to structural defects when the metal

concentrations are in the mid 1013 cm™3 range.

Experiments designated to determine the permanence of the
effects® of additional impurities and of impurities in cells under
electrical bias are under way. The gettering of selected impurities by
POCR3 diffusion, HCL oxidation, ion implanted junctions, and ion implant
damage ie being evaluated.

Preliminary'mnde1ing studies show that the effects of impurities
in high efficiency cells will be quantitatively different from the

effects in standard and low efficiency cells. Extension of the model to
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non-uniform impurity distributions and to optimizing the cell base width

for a spatially varying diffusion lengths is in progress.

32



5. PROGRAM STATUS

The program is on schedule with respect to assumed milestones.

5.1 Present Status

During the latest reporting period

Nine new ingots, both crystalline and polycrystalline, were

grown and characterized.

Deep level trap concentrations were measured in single

crystal ingots containing V, Mo, Cr, Ti, and Cu.

It was shown that Ti and V do not segregate appreciably at
grain boundaries in polycrystalline material at impurity

1 -
concentrations of ~ 10 3 cm 3.

Experiments to determine the permanence of effects from

additional impurities were initiated.

Experiments to measure gettering of impurities in poly by

POC!L3 and HCY® were initiated.

Experiments to determine the interaction between impurities
and ion implanted junctions and ion implant damage gettering

were initiated.

5.2 Future ActivliLy

During the next quarter, studies of impurity effects in poly-

crystalline cells will continue. Studies of gettering in polycrystalline

material by POCZ

3 and HCL and of ion implant damage gettering in single

crystal material will continue. Long term effects of electrical bias on

cells containing selected impurities will be measured.
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