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1. SUMMARY

The overall objective of this program is to define the effects
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,

Cr is highly mobile in silicon even at temperatures as low as
600°C. Contrasting with earlier data for Mo, Ti, and V, Cf concentrations
vary from place to place in polycrystalline silicon wafers and the
electrically-active Cr éoncentratioh in the polysilicon is more than an
order of magnitude smaller than would be projected from single crystal
impurity data. We;hypothesizc that Cr diffuses during ingot cooldown
after growth, preferentially segregates to grain boundaries and becomes

electrically deactivated.

Both Al and Au introduce deep leveis when grown into silicon
crystals. Al produces two levels, E\+0.44eV and E,+0.49eV, while Au
gives rise to. four levels, Ev+0.22ev, Ev+0.34eV, Ev+0.47ev, Eva.SSeV.
This latter result contrasts with the two Au levels usually observed
tollowing diffusiuvn, Both the rcd response and cell performance of Al

and Au-doped solar cells are degraded by deep level formation.

Accelerated aging data from Ni-contaminated silicon imply that
no significant impurity-induced cell performance reduction should be

expected over a twenty-year device lifetime.

Combined electrical bias and thermal stressing of silicon solar
cells containing Nb, Fe, Cu, Ti, Cr, and Ag, respectively produces no
performance loss after 100 hour exposures up to.225°C.

Ti and V, but not Mo, can be gettered from polycrystalline
silicon by POCL, or HCi at temperatures of 1000°C and 1100°C.



2. INTRODUCTION

This is the twenty-first quarterly report describing activities
conducted under JPL Contract 954331, and is the fourth report of the
Phase IV studies.

In Phase ITI, "An Investigation of the Effects of Impurities
and Processing on Silicon Solar Cells," the effects of thermal processes,
impurities, and impurity-process interactions were determined and
" documented. The development of this data base led to a more precise
definition of what constitutes an acceptable 'Solar Grade' Silicon,

In addition, ‘it provided silicon manufacturers with-a rationale for
selection of construction materials; it has helped ingot, sheet, or
ribbon manufacturers to specify the purity of silicon feedstocks; and
it has enabled cell manufacturers to define acceptable 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 usersfbf Solar.Grade Silicon.

‘ In Phase IV of this program,. the approaches and techniques
developed in Phase III are being extended to sevéral new areus, as well
as to developing an improved data base for aging effects and certain
process-related phenomena., The ?H;se’IV faéks‘iﬁéludé‘(ij”evaiﬁétion,
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 effects of
impurities in solar cells; and (5) examining the effects of processes

such as ion implantation on contaminated solar cells.



During this quarter we have continued studies of polycrystalline
solar cells, accelerated aging of impurity behavior, thermochemical
processing and modeling of impurity effects in high efficiency devices.

The re§u1ts of that effort are described in the following sections.



3. TECHNICAL PROGRESS

3.1 Crystal Growth and Analysis

3.1.1 Ingot Preparation

During this quartér we have grown ingots-withthe intentionally-
added impurities Au, Al and Mn respectively. The Au and Al-doped ingots
were monocrystalline, while the Mn doped ingot wae polycrystalline.
Subsequently a second Mn ingot was grown (W231) using half the initial
Mn concentration to help Suppress excessive metal-rich Inclusivn formation

and crystal structure breakdown.

0f the four p-type silicon ingots pulledAfor solar cell
characterization, the Al-doped ingot contained only Al as the electrically
active dopant and had a resistivity of 1.5 ohm-cm. The remaining ingots
contained the usudl intentionally added boron to yield resistiyities
near 4 ohm-cm. Each ingot's intentionally added metal impurity dopant,
associated crystalline structure and task are indicated in Table 1, All
' ingots-wefe prepared by the Czochralski crysfal growth method with
details of the crystal growth equipment and conditions found in earlier

1,2
reports.’

3.1.2 1Ingot Evaluation

Detailed ingot impurity data are indicated in Table 2 with the
'listing of ingot identification, intentioﬂally added target impurity
concentration, ingot impurity concentration based on ﬁelt analysis by
atomic absorption (calculated concéntration); and ingot seed impurity

A . " . . 2.3
concentration measured by spark sovurce mass spcctromulry.,

Spark source mass spectrometer analyses of the first generation
Au-doped ingot seed samples yielded an impurity concentration <5x1014 atoms/cm3
(below sénsitivity of mass spectrometer). However, spark source Analyses

of ingot tang samples produced a value of 5.5x1014 atoms/cm3. The Au**



IMPURITY

Au

Al

TABLE 1 INGOT IMPURITY,

STRUCTURE

Single

Single

Polycrystalline

STRUCTURE AND TASK

TASK

Thermochemical Processing

Thermochemical Processing

Polycrystaliine

*
Two ingot growths with the latter having
reduced impurity concentration to suppress

metal-rich inclusions.



'TABLE 2 INGOT IMPURITY CONCENTRATION

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-Fu-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

Mass Sepc.

Target Calculated
~ Concentration Concentration Analysis
.xlOlsatoms/cms xlOlSatoms/cm3 x1015atoms/cm3
oo None" N/A * None
. None N/A None -
. *
0.4 . 0.38 18.5
. | N
0.005 0.003 77
0.02 1 0.018 0.25
0.04. 10.053 0.15
1.0 0.82 1322"
0.5 .0.61 1.5
0.02 0.026 0.15
0.002 0.002 0.5
0.2 0.19 0.6
£ 0.02 0.024 0.25
0.08 0.10 0.25
1.0 1.0 2.6
10 12.5 27
.., Max. Conc. Non Detectable = 0.10+
) E .A * &
0.20 - ©0.30 0.55
. , * %
0.0025 0.002 0.5
*
0.80 0.64 2.2
' 0.00015 0.0003 0.5
0.000065 0.0001 0.5
0.007 .0.009 0.15



TABLE 2 INGOT IMPURITY CONCENTRATION (continued)

. Calculated © Mass: Spéc.

) ‘Target »

~ Ingot " Concentration Concentration Analy51s
Identification x1015atoms /cm3 x1015atoms/cm3”  x1015atoms/cm” -
W-220-W-005 0.0008 0.0007 0.15
W-221-NiZ005. 10 8.2 1.5
W-222-Ag-002 4.5 3.2 6.0
W-223-Ni-006 1.0 1.1 1.5
W-224-HSC/DCS-57 NA*Y None 0.2%**
W-225-Mn-00 1.0 1.5 5.5
W-226-Mn-010 4.0 *hk * ke
W-227-Cr-011-Poly 0.4 0.43 2.2
W-228-Gd-001 0.2 Cerd 0.2
W-229-Au-001 0.6 0.6 0.55
W-ZSO-AI:OOS 120 " 64 120
W-231-Mn-011-Poly 0.25 Processing Proce#siﬁg '

* %

++

4+

* &k

++++

Ingots. ccntain metal-rich inclusions due to consitutional

supercoollng

-Ingots regrown to remove metal-rich inclusions. due to’

constitutional supercooling.

Pb dopant vaporized on two separate ingot growths.

No intentional impurity

Heavy métals sensitivity of. SSMS

Single growth probhibited due to excessive impurity dop1ng
for permanence studies.

Atomic absorption analysis of ingot melt sample showed 2.8%
Gd by weight of 'sample.



line at m/e = 98 1/2 was identifiable only on the first photoplate
exposure. The above tang results show that the ingot seed concentration
is closer to I‘>x101'4 atoms/éms at the point where 50% of the silicon
charge had been consuﬁed during ingot growth. This impliés a Au
segregation coefficient kAu = 2.5x10—S with the melt concentration at
1.2x1019 atoms/cms. This is in reasonable agreement with the value

quoted in the literature? Kay = 5x107°,

Multiple spark source analyses of Al-doped ingot W-230
yielded an average impurity concentration of 1.2;(1017 atoms/cms. The
heavy dopant concentration permitted the use of the Al m/e = 27 photo-
plate line, yielding several exposures. This reduced the analytical errors
that stem from using ionization factors greater than 1 which are associated
‘ 2

with the A1'Y and A1™*" 1lines. An Al segregation coefficient kyy = 3x10°
: 8

was obtained using the melt concentration of 4x101 atoms/cm”, This 1is
in good agreement with the kA1 value determined in the earlier phases

of the program.l’2

The kA1 calculated by using theingot seed resistivity of 1.5
3

ohm-cm (1x10°~ atoms/cm”) was 2.5x107~.  This lower kAl is indicative
of oxygen present in Czochralski pulled ingots. Oxygen-aluminum reactions
tend to reduce the electrically active aluminum, producing the lower

. cex o 2
apparent segregation coefficient.

The first Mn-doped polycrystalline ingot had a melt concentration
of leO14 atoms/cms. We found numerous areaS of fine grain structure
in the seed end of the ingot due to inclusion-induced breakdown. An
additional ingot was grown with Mn at 2.-5x1014 atOms/cm3 to render more
reproducible and measurable solar cell efficiencies in subsequent

polycryStalline wafers.

The Gd-doped ingot W-228 produced late in the last quartér
was spark source analyzcd early in this quarter. Three separate spark
source mass spectrometer evaluations were performed on individual tang
samples, all yielding a Gd concentration below the sensitivity of the
mass spectrométer (2x1014 atoms/cms). These data and the ingot doﬁant<melt

20

concentration of 1.8x10 atoms/cm3 imply kGd<1xiO'6.



. 3 . . .. .
A best estimate - of the impurity concentrations for the

Phase IV ingots is listed in Table 3.

‘ The resiétivity and etch pit data for all of Phase IV ingots
are indicated in Table 4, Etch pit analysis is not applicable to the

polycrystélline samples.

As in the past carbon and oxygen concentrations of each odd
numbered ingot were measured by infrared absorptionat room temperature
using Fourier Transform Infrared Spectroscopy. The amplitudes of the
absorption peaks at 605 en~! and 1107 en™! are proportional to the -
carbon‘and oxygen concentrations respectively. The calibration factors
used in these evaluations are 2,2 atoms/cm2 for carbon (2) and 4.9
atoms/ém2 for oxygen.5 Measured concentrations are listed in Table 5.
Normal carbon and oxygen concentrations found in Czochralski grown
material are in the range of 2.5 to leO17 atom's/cm3 for carbon and 5

to 150x1016 atoms/cm3 for oxygen.

3.2 Silicon Material Evaluation by Deep Level Spectroscopy

3.2,1 Analysis of Cr-Doped Polysilicon Ingots

In the last quarterly report6 we showed preliminary data

from polycrystalline ingotW216 containing 8x1014.cm"3 metallurgical

concentration of Cr but only .about 7x1012 cm-3 electrically-active Cr

(as determined from DLTS measurements). Since then we have completed
further DLTS measurements on this ingot which show that active Cr

- concentration indeed is very low and falls between 4 and 9x1012cm-3,
Table 6. The electrically-active Cr concentration in a single crystal,
containing gx10'? cm_s total Cr is cxpected to be '\.1.8x1014 cm-s. Tngot W216
however, contained inclusions which resulted in partial breakdown in

the crystal structure and a large scatter in the cell performance which

was in. the range of 5 to 6% (uncoated).

To circumvent the ambiguity associated with the interpretation
of the data due to 1nc1u51ons, a second polycrystall1ne ingot, W-227,

14
was grown with a lower Cr (4. 3x10 cm” ) concentration. This ingot



TABLE 3 . BEST ESTIMATE OF IMPURITY CONCENTRATIONS

Ingot
Identification -

W-198-00-000
'W-199-00-000
W-200-V-004-Poly
W-201-Mo-007-Poly
w-202-715013-P§1y
w-zoé-v-ooé-Poly
W=204=Cr-008«Poly
W-2055Fe-009-P01y

' W-206-V-006

_ W-207-Mo-008
W-208-Cr-009
W-209-Ti-014
W-21o-fi-01s
W-211-Cu-007
w-zlz;cu-oos
W-213-Pb-001
W-214-V-007-Poly
W-215-Mo-009-FPoly
W- 216-Cr-010-FPoly
W-217-Ta-005
W-218-Ta-006
W-219-v-008
W-220-W-005

W-221-Ni-005

10

Best Estimate
of Impurity Conc.
(x 1015 ATOMS/CM3)

8.2

*

NA

- 0.38

«0.003 - .
0.618 - -
'0.05 -

0.82

061

'0.026
0.002. <" .

0.19

10,02

©6.10

1.8

12.5

ND+
0.4
0.002
1.0
0.6003
O.GOOi
0,005

G.0007



TABLE 3  BEST ESTIMATE OF IMPURITY CONCENTRATIONS (Continued)

Best Estimate

‘Ingot.» of Impurity Conc.
IdéntifiCa;iont . (x 1015 atoms/cm3)‘ 
' W-222-Ag-002 - - 4.6
W-223-Ni-006 ‘ 1.1
* W-224-HSC/DCS057 ‘, e
W-225-Mn-008 | s
w-zzsémn-01q o SN
W-227-Cr-011-Poly o = 0.
W-228-Gd-001" ' 0.4
W-229-Au-001 | | 0.6
W-230-A1-003 ‘ | 120
Wf231-Mn-611-Poly , : ~ Processing
* Not applicabie
+ ND- - Non detectable
++ No intentional impurity

***  Single growth prohibited due to excessive
impurity doping for permanence studies

1



TABLE 4  INGOT ELECTRICAL AND DEFECT CHARACTERISTICS

Ingot’
Identification

W-198-00-000
W-199-00-000 -
W-ZOO-V-OOA/Poly‘
W-201-Mo-007/Poly
W-202-Ti-013/Poly
W-203-V-005/Poly
W-204-Cr-008/Poly
W-205-Fe-005/Poly
W-266-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-P01y
W-ZlS-Mo—OPQ-Poly
W-216Cr-010.Poly
W—217-Ta-00$

W-218-Ta-006

TGT Actual
Resistivity Resistivity
(ohm-cm) h_LQEE;EEl_

4,0 4,1-3.9
4;0 3.7-3.5
4.0 3.6-2.3
4.0 3.8-2.3
4.0 5.3-3.9
4.0 4.4-3.8
4.0 4.7-4.3
1.0 4.0-3.2
4.0 3.7-3.6
4.0 3.8-3.5
4.0 3.7-3.5
4.0 4.0-3,3
4.0 4.0-3.5
4.0 4.0-3.1
4.0 ‘3.9-3.3
4.0 3.3-2.7
4.6 3.8-3.1
4,0 3.8-1.7
4,0 7.6-2.9
4.0 3.5-3.0
4.0 3;7-3.2

12

Pit

Etch
Density
/cm2)

0-3K
1-5K
NA
NA
NA
NA
NA
NA
0-5K
0-15K
0-15K
0-10K
0-5K
0-5K
5-20K
10-20K
NA
NA

NA

- 0-10K

0-5K



TABLE 4 INGOT ELECTRICAL AND DEFECT. CHARACTERISTICS (Continued)

: TGT ' Actual -Etch
- Ingot Resistivity Resistivity. _ Pit Density

Identification __(ohm-cm) (ohm—cm)' ( /cm®)
W-219-V-008 ~ 4.0 3.6-3.3 0-5K
W- 220-W- 005 4.0 3.7-3.2 0.20K
W-221-Ni-005 4.0 ~ 3,5-3.1 , 0K
W-222-Ag-002 4.0  5.8-5.7 o-cros§ Lineage
W-223-Ni-006 4.0 3.6-3.1 . - 0-5K
W-224-HSC/DCS057 1.0 - 1.4-1,2 ~ 5-20K
W-225-Mn-009 | 4.0 ' 5.5-3.5 ' 0-5K
W-226-Mn-010 4.0 wes i ' -
W-227-Cr-011-Poly 4.0 3.9-3.5 A
W-228-Gd-001 4.0 5.4-5.1 0-Gross Lineage
W-229-Au-001 4.0 ' 4.3-4.2 0-30K.
W-230-A1-003 1.5 1.5-0.5 . 0-20K
W-231-Mn-011-Poly 4.0 4.4-3.1 | NA

* Not applicable

*** Single growth prohibited due to excessive impurity
doping for permanence studies.
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TABLE 5. INGOT CARBON AND OXYGEN CONCENTRATIONS

' Carbon | ‘ -7 Oxygen
Ingot T "+ .-Concentration . . ~ Concentration
Identification (x1016 atoms/cm3) (x1016 atoms/cm3)
W-201-Mo-007-Poly | 70 | el
W-203-V-005-Poly - : : 12 : .o .59
W-205-Fe-009-Poly 8.0 34
W-207-Mo-008 - 5.4 B BT
W-209-Ti-014 , 6.4 o S
W-211-Cu-007 6.0 L 57
W-213-Pbh-001 a 8.0 ’ ' 57
WA215-M0-009-Poly 10.0 o vijsé‘
W-217-Ta-005 12,0 50
W-219-V-008 25.0 - A | 43
W-221-Ni-005 N 10.0 | - 53
W-233-Ni-006 . 20.0 N f}
W-225-Mn-009 : 4.0 : _ 58
W-227-Cr-011-Poiy 16,0 82
W-229-Au-001 7.3 _ - "86
W-231-Mn-011-Poly - 13.0 . .- 38

14



was inclusion-free. Cell data from this ingot showed much less scatter.
Table 7 shows a comparison of data from Cf-doped and uncontaminatgd '
éiﬂgle crystal and pblycrystalliné solar cells. The data indicate that
-the presence of 4x101,4 cm-s Cr in a polycrystaliine solar cell degrades its
short circuit current and the cell performance. Compared to an
uncontaminated polysilicon cell,the averageISC of the Cr-doped cell is
lower by ~ 3mA and the cell efficiency is about 1.5% less. In both
contaminated and uncontaminated poly cells, the junctions were duite'
leaky, causing low fill factors. This leakage is attributed to o

electrically-active grain boundaries present in the depletion region.

The spectral response data, Figure 1, reveal that grain
boundaries and Cr impurity each individually lower the red response .

14

appreciably., More important to note is that 4x10 cm_3 Cr present in

the polysilicon degrades the spectral response.

¥
Py

To gain deeper insight into the behavior of Cr in the poly-
silicon,” DLTS measurements were performed at various locations across
the surface of an unprocessed wafer, To do this 30 mil diameter Ti-Au
Schottky barrier diodes were fabricated and tested.6 The data in Tablé
8 show that there is about an order of magnitude variation from plécé
to place in active Cr concentration. This is in contrast to earlier.
results for Mo, Ti and V doped polysilicon waferss’9 where little or:
no variation was detected. Another noteworthy feature is that the

s . . . ey . 14 -3
active Cr concentration in single crystal silicon containing 4x10" ‘cm

Cr is '\318x1013 cm—s; but in this polysilicon ingot, it is 2-20 times
" smaller (0.3-3x103

relating to Cr-doped .poly-ingot 216 (Table 6). Again, however this ;

-3 A . AT . s
cm ). This is consistent with previous observations

" result contrasts sharply to those for Mo, V and Ti doped polysilicon where
the active impurity content was equal to that expected from single
crystal data,

We may rationalize thé above observations in the light of
the high diffusion constant of Cr in silicon compared to those of Mo,
V and Ti.3 First, because Cr diffuses rapidly in silicon we might expect

it to preferentially segregate to the grain boundaries and form metal-rich

15



TABLE 6

Active Cr Concentration in PolycryStalline Ingot-216 Containing
81014 cm-3 Cr. .

SAMPLE ID - ACTIVE Cr CONCENTRATIN -
(em-3)
1-T 4.5x1012
1-B 9.0x10%2 o
2-T 6x1012
2-B 7x1012
2
3-T 5x1012
3-B 7x1012
.12
4-T : 7.2x10
_ . ' 12
4-B 7.6x10

16



TABLE 7

Comparison of Uncontaminated Baseline and Cr-Contaminated
Single Crystal and Polycrystalline

s

Solar Cell Data

Tsc Voc Cell Efficiency
Ingot ID (mA) Volts FF (%)
003-Single Crystal 22.35 0.557 0.75 10.0
Baseline
076-Polycrystal 19.23 0.505 0.66 6.9
Baseline
072-Single Crystal 20.86 .491 .70 7.9
Contaminated with
4x1014 cm-3 cr
227-Polycrystal 16 .47 .66 5.26
Contaminated with . .
4x1014 cm-3 cr

17
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TABLE 8

Distribution of Active Cr Concentration across ﬁolysilicon Wafers
(Ingot-227) Conta1n1ng a Metallurgical Cr Concentrat1on of
4,0x1014 cm-3,

SAMPLE_ID S ACTIVE CR CONCENTRATION (cm )
1-T 2.9x 1olfs~
1-M, 1.16x10.> .
1-B 1. 37x1013
2-T 1.0x10" 12
2-M 9.40x10
2-B 1.43x1013

: 12
3-.T : - 4 5x10
3-M o : 1. 0x101
3-8 - : 1.10x1013
4-T o 1.4x1013
4-M ' 1.6x1013
4-B 1.6x1013
5-T 1.7x1013
5-M 3.1x1012": ¢
5-B 3.8x1012
6-T 1.5x10}3
6-M 8. 6x1012
6 -B 2.0x1013
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precipitates there. Grain boundaries provide a sink of low free

energy sites for the defects and impurities. A large diffusion constant

of Cr will result in diffusion and segregation of Cr into the grain

boundaries from the adjacent grains while the crystal is cooling from

the growth temperature. Since the average grain size was ~ 1lmm, crystal
coollng time of 1 hr coupled with an average diffusion constant of

10"'6 cm /sec during cooling will result in a diffusion distance of ~

1/2 mm (x = /Dt = /10-6x3600 = 0.06 cm). The diffusion constant of Cr

in silicon at the temperatures of interest is not known exactly, although

our gettering experiments (below) indicate that it diffuses much faster than Ti
in Si. (Moreover the value for Cr should be in the range of those for

Fe (4)). The diffusion constant of Ti in Si at 825°C is ~ 10~ -11 cm /sec.
Since a diffusion process gives rise to a concentration profile, it is
not surprising that we observed an order of magnitude variation in the

Cr concentration over the pnlysilicon wafer.

- Another important conclusion that can be drawn from the DLTS
data is that when Cr segregates into the grain boundaries it becomes
electrically inactive, i.e. it doesAnot giverisg to the Ev+0.31ev trap;
otherwise we would detect a higher active Cr concentration at or near the
grain boundaries. Figure 2 shows the photomicrograph of the regions in
which_highest and lowest impurity concentrations weré measuréd. At this
“magnification it is difficult to point out the impurity-grain-boundary
interaction. However, the diodes which showed lowest impurity concen-
tration do show grain boundaries. Other diodes also show microstructural
features, therefore, one can éxplain these databy the conjecture that

all structural features do not provide an equally effective sink for Cr.

The cell data, particularly the drop in Igcs and the red

degradation in spectral resnonse suggest an apprec1ab1e loss in carrier

14

lifetime dne to 4x10 Cz in the polysilicon. However, the DLTS

measurements indicate that the concentration of active Cr .in the

T3 )
starting wafer is only 0.3-3x1013 cm ~, with an average of ~ 1x10 13 cm 3
If we use electrically active to metallurgical Cr ratio of 0.23 from

the single crystal data3 then 1x1013cm;3 active Cr corresponds to a

20
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Figure 2 Microstructure of Cr-doped Polycrystalline Silicon Wafers.
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metallurgical concentration of ~ 5x1013, which is below the threshold
for Cr-induced cell degradation.1 This means that Cr-induced loss of
carrier lifetime in polysilicon cannot be entirely accounted for by the
electrically active average Cr. However, in certain areas the active
Cr concentration is somewhat above the threshold. This anomaly can be
explained by speculatinrg that Cr which segregates into the grain
boundaries somehow increases the recombination at the grain boundaries

which in turn degrades the carrier lifetime.

We plan to rerun some of the solar cell experiments to test

these ideas.

3.2.2 Analysis of Mo Gettering by POC%

3

Earlier we reported that POCL, gettering at 1100°C for 17
hours had no effect on Mo, indicating that the diffusion constant of
Mo in silicon is very small.3 In order to estimate the diffusion
constant, we created a Mo out-diffusion profile via more intense
gettering. We raised the POCJL3 gettering tempera;;re fg 1250°C
(again 17 hours) for ingot Mo-077 containing 4x10"" cm . After the
gettering treatment we removed the n' region by etching. The interface
location is accurate within + 1 uym. The gettered wafers were then
step-etched, and on each step Ti-Au Schottky barrier diodes were
fabricated to determine the active Mo concentration by the DLTS method.
The data in Table 9 show only weak evidence of Mo gettering even by
this rather intense treatment, indicating that Mo cannot be appreciably
extracted from silicon even at 1250°C. DLTS data for locations close
to the junction were somewhat unclear and some more work is being done

in that region.

3.2.3 Analysis of Cr Gettering by POCIL3

This study was conducted on Ingot W181-Cr containing 1x1015 cm-s

metallurgical Cr for which DLTS measurements on the as grown wafers

showed lxlO14 cm-s of Cr to be electrically active. After an 825°C/50

min POCIL3 gettering cycle the diffused (n+) region was removed and the
remainder of the wafer was etched in steps ranging in depth from zero to

22



" TABLE 9

The Electrlcally-actlve Mo Concentrat1on in Bulk Silicon After
1250°C/17 hrs POCL3 getterlng of Ingot W-077 Conta1n1ng '
4x1012 cm-3 Mo. -

Distance from the Surface ' ' Active Mo Conceﬂtratibn
(um) | (cm™3)
2
4.4
8 B o 1.4x1012
10 ; ‘ o 2.0x102
25 2.75x1012
12

'37. 2.75x10

23



S0um below the surface. On each step Schottky-barrier diodes again were
‘fabricated by evaporating Ti-Au contacts. DLTS measurcments on these
Schottky barrier diodes showed no detectable electrically-active Cr

eoqnll

(the DLTS detection limit is ~ 3x10 cm_s) as deep as 2 mils below the

n+p interface.

In order to reduce the gettering intensity a similar experiment
was performed subsequent to a 600°C/1 hr POC!L3 gettering cycle. It was
striking to note that again no electrically active Cr was detected as
far as 2 mil below the n+p interface. These data suggest that either
Cr diffuses out very rapidly in the presence of POCJL3 even at low .
temperatures or that it becomes electrically inactive. In vrder to
answer this question we need to do gettering at lower temperature/shorter
time or perform a straight heat treatment without the presence of P0C23.

It is important to note that although no Cr was detected
after 825°C/50 min POCL

below the detection limit because there was about 20% loss in the cell

gettering, there may still be some Cr present

performance due to Cr.

3.2.4 Analysis of the Effects of Al and Au on Silicon Solar Cells
Ingot W230 was grown with 1.2x1017 em > Al resulting in a

resistivity of 1.5 Q-cm, corresponding to 1x1016 cm73

Al at the acceptor
or substitutional sites. It is noteworthy that unlike boron, more than
an order of magnitude Al is in some configuration-where it does not act

like dopant, but could give rise to deep levels,

The solar cells fabricated from this material, Table 10,
indeed show an appreciable loss in the cell performance associated with
a drop in the red response of the cells,Figure 3. Two deep levels, -at
E\+0.44eV and E,+0.49eV were detected by DLTS.

Gold is well known to be detrimental in silicon. However,

. most of the studies of Au in silicon were conducted by diffusing Au
into Si. We have produced an ingot in which 5.5x1014 cm—3 Au was
incorporated during the crystal growth. The data in Table 10 show that

Au had a significant impact on the cell efficiency and the short circuit
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TABLE 10

Solar Cell Data from Devices Fabricated on Single Crystals
Contaminated with 4x1014 cm-3 Au (Ingot 229) and 1.2x1017 cm~3 A2

(Ingot 230).

Ingot ID

198-Baseline
229-Au

230-A%

SC

21.75
18.02

15.76

.502

.501

25

FF Cell Efficiency
.74 9,34

.66 6.37

.66 5.5
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current indicating a decrease in minority carrier lifetime. This can
also be seen from the significant drop in the red response of the cell,
Figure 3. The DLTS results support the above observation since four
+0.34eV, E,*0.47eV and E

deep levels, at EV+0.22eV, E +0.53eV, were

v 13 3 v 13
detected and thecir concentrations were 3.2x10°° cm ~, 5.4x10 cm_s,
12 -3 -
7.3x10°° cm™> anq 7.3x1012 cm 3, respectively, In gold-diffused Si

other investigators have detected levels at E,+0.35eV and E\+0.55eV. .-

, V.
However, when gold is grown in we observe two extra levels. Another
noteworthy feature of the data is that only a fraction of total gold.is

electrically active. ' /

3.2.5 Solar Cell and Material Evaluation by DLTS

We have continued to monitor the electrically-active impurity
concentrations of representative wafers (as grown) and solar cells to
correlate device and materials effects due to impurities. Table 11 is a
QUmmary of current information collected by deep level transient
spectroscopy for single and polycrystalline ingots. 'As before we did not
detect any levelé for Cu, Ta, Ag, Ni, Mn, Howevér, deep levels due to
Au and Al were detected.' This compilation will be updated as the study>///

continues.
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TABLE 11

DLTS RESULTS ON' IMPURITY-DOPED INGOTS

Best Estimate of -

Active Impurity 3
Concentration (cm )

no data

Metallurgizal Impurity In the Wafer In the Cell NTW

Ingot ID. - ~Concentra_tiopY(NM) i - Nrw (near junction) - 7?“
* . N . . ‘.4' . - NTC M

V-200-Poly 4x1017 1.3x104 no data_ 0.32

Ti-202-Poly 2x10°7 - 1.12x1013 1:15x1012 0.56

 V-203-Poly | 4x1013 1.7x1013 undetectable 0.34
206-V. 2.6x1013 6.43x1012 undetectable 0.25
207-Mo 2.0x1013 2.2x1012 9x1011 1.1
208-Cr 1.9x1014 3.91x1013 undetectable . 0.21
209-Ti 2.0x1013 8.12x1012 1.15x1012 . 0-.40
210-Ti 1.0x1034 2,91x1013 3.6x1012 0.30
211-Cu 1.8x1015 undetectable undetectable -
212-Cu - - 1x1016 undetectable undetectable -

" 214-V-Poly 2x1014 6x1013 ‘no data 0.30
215-Mo-Poly 2.5x1012 4,5x1012 no. data 1.8
216-Cr-Poly 8x1014 7.5x1012 no data 009

©.217-Ta i.sx101! undetectable no data -
218-Ta 6.,5x1019 .undetectable no data -
222-Ag - 4,5x1015 undetectable undetectable -
223-Ni 1.0x1015 .undetectable undetectable -
225-Mn 1.0x1015 . undetectable undetectable -
227-Cr-Poly 4,0x1014 1,2x1013(average)| no data 0.03
228-Gd - undetectable no data -
229-Au . 6.0x1014 8x1013 no data 0.13
230-Al 1.2x1017 2x1012 0.000016




3.3 The Permanence of Impurity Effects in Silicon Solar Cells

3.3.1 Temperature Effects

_ Experimental evidencel'sshows that solar cell performance
depends upon both material quality and device process~hi$tory. The
operating life of a solar cell array in the field should exceed twenty
years, so it is important to understand what effects specific impurities

will have on long term efficiencies.,

The time period of interest is extremely long compared to
practical test times, so extrapolations from acceleréted aging tests ‘
must be used to estimate long term solar cell performance. On the basis
of earlier results and fundamental considerations, temperature is believed
to be the dominant parameter affecting gradual cell degradation. A

3,6,9 to determine the magnitude

series of experiments has been underway
" of the temperature-dependent degradation mechanisms for individual
impurities.

3.3.1.1 Experimental Method

As noted before,prediffused silicon wafers containing single
impurities are soaked at elevated temperatures for various lengths of
time;: These wafers are then further processéd into test cells and their
characteristics are measured. The rate of degradation of efficiency is
détermined at each temperature, assuming that, at least in the initial
stages, cell efficiency decreases linearly with time. A linear least
squares fit to the efficiency-time data gives estimates of the N, (the
initial efficiency) and (1/no) dn/dt (the normalized rate of change of
efficiency). From these parameters, determined for different temperatures,
an Arrhenius plot is developed to express the temperature-time dependence

of efficiency degradation for a particular impurity.

3.3.1.2 Experimental Results

The behavior of the ingots listed in Table 12 has been

previously repo;‘ted.s’9
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TABLE 12

INGOTS USED IN PERMANENCE STUDIES

Ingqf Identiﬁcétibn - Impurity Con:c.ent'ratidn" "(qm-~3)
W09700000 | Baseline o
WO77Me001 | 4.2x10'% wo

W123T1008 o 1x1014 71

W072Cr005 | 4x101% cr

W192Ag001 | \ 2.2x1013

W183Nb002 | | < 9x1012 Nb

W135Fe005 . 7.8x1014 Fe

W166Fe007 | - ‘ - "1.06x101° Fe
W167Nb001 | - < 4.6x10%3 Wb |
W211Cu007 | a . 1.8x0!5 cu
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During this quarter, accelerated aging experiments were
completed on ingots W22INi005 (8.2x10'° cm™>) and W222Ag002 (4.6x10"° em™%),
For the nickel-deped silicon, the measured rates of cell degradation were
2.4x10°% hrl, 4.5x107% hr!, and 1.7x1072 nro! at 400, 600, and 800°C,

respectively. These data, when fitted to an Arrhenius model, yield

L0 _ 98,47 exp (-0.673eV/kT) hrol.

S dat " s e . A

If cell fa11ure is def1ned as a decrease to 90% of the initial cell
eff1c1ency, then based upon the above relationship, the prcdleted tlmes to )

failure at p0551b1e operat1ng temperatures are those given .in Table 13.

For typ1cal array temperatures no 1mpur1ty-1nduced effects are o

expected during a twenty year 11fet1me

For the silver-doped silicon, the experimental data were widely‘
scattered and a fit tqAan‘Arthenius”model‘eppld'bemgp;ained only by
regarding some of the data points as anomalous and disregerding them.
When this is done,the measured normalized rates of cell degradation are
2.15x10‘3hr?1,-1.83x10‘2hr71, and 3.85x10'2hr'1 at 400, 600, and 800°C

respectively.. These rates, fitted to an Arrhenius model, yield

1 dn '
ﬁ—-a?-— 0.29 exp (-0.37eV/kT) hr

Predicted time to fa11ure at p0551b1e operat1ng temperatures are then as

shown in Table 14,

, These predicted times to failure imply a very scrious problem
‘may exist for the use of silver-ccntaminated silicon. Because of the
questionabie validity of some of the data used in obtaining these
projections, further investigation of silver-doped silicon should be

undertaken to clarify the results,
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TABLE 13

L

Ptedict:gd.'ri?e to Failure for Solar Cells Containing
8.2x101% cn™ Nickel Impurity ‘

O LA

Operating Temperature, °c ' Time to Failu:é; (yr)
100 ~ 490
125 ‘ 133 -
150 42
175 15
200 -6
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Operating Temperature, °C

I

TABLE 14

Predicted Time to Pailure for Solar Cells Containing
4.6x1015 cur3 Silver Impurity

100

125
150
175
200

2NN

3

LN

Time to i"a:llure, (yrs)
4.1
2.0
1.0
0;59
0.35



3.3;2. Electrical Bias Effects

The -purpose of this experiment is to determine whether electrical
bias coupled with moderate temperatures in operating soiar cells may,
over long periods of time, affect cell efficiency. The possible inter-
actions between electric field and impurities in the solar cell junction
region are not well understood and their effects must . be determined
empirically. I '

In theée ekbérimehts“ base line'céilé and cells containing one
of several representat1ve impurities are operated at a current dens1ty
ef 30 mA/rmz; current is externally supplied by a constant current supply.
In order to enhance and accelerate any electric field/impurity ihteractions
which may occur, the cells are operated at elevated temperature. _Siiipon

materials incorporated in this study are listed in Table 15.

Solar cell .operation for periods of 100 hours have now been
carried out at ten different temperatures. The experiment pian calls for
further tests at increasingly higher temperatures until definite evidence

of cell efficiency degrédation is observed.

Average relative cell efficiency of the base line-tno.intentional
impurity) cells after each temperature-bias exposure is plotted in
Figure 4. This represents any cell degradation which is attrlbutable to
effects other ‘than specific impurity effects. The average relative . -~
cell efficiencies of the impurity-doped cells, normalized to the base

line cell behavior, are shown in Figures 5 to 12,

Clearly, the degradation at temperatures up to 225°C is small,
usually less than 10%. No systematic effect is observable in these

data, so tests are continuing at higher Lemperatures,

3.4 Thermochemical Gettering

A previous i'eport3 described thc effects of some
thermochemical processes which can be performed on single crystal silicon
in order to mitigate the harmful effects of metal contamination. The

thermochemical processes stpdiéd were (1) POC!.3 gettering, (2) HCr
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TABLE 15

SILICON MATERIALS UNDERGOINC ELECTRICAL BIAS

Inggt No.
 W-198-00-000 Baseline
" W-166-Fe-007
W-167-Nb~001
' ¥-192-Ag-001
- W=181-Cr-006
W-016~Fe-001
" W-056—-Cu-005
) w-183-ﬁb¥ooz

W-123-T{1-008

35

Fe

Ag
Cr
Fe

Cu

Ti

TESTI&G :

Impurity
None

1.06 x 101

<0.044 x 10

2.20 x 10t

1.04 x 10%
0.4 x 10™
65 x 101>

<0.009 x 1

0.105 x .10

5

15

5

5

015
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Curve 726382-A
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Relative Efficiency Normalized to Base Line Behavior - ~ -
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Curve 726379-A
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Relative Efficiency Normalized to Base Line Behavior
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Relative Efficiency Normalized to Base Line Behavior

Curve 726374-A
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Curve 726375-A
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gettering of polycrystalline silicon and of Cu-contaminated single

crystal silicon,

The effects of POC2 gettering for periods of one hour at
temperatures of 950°, 1000°, and 1100°C are illustrated in Figure 13.
The data indicate that titanium and vanadium can be gettered from
_polycrystalline silicon, resulting in an increase in cell éfficiency.
However, thé efficiency of cells made with polycrystalline material will
still be low relative to single crystal material. Molybdenum is known
to diffuse only very slowly in silicon; and this property is reflected
in Figure 13, where it is apparent that molybdenum is not gettered to
any observable extent from polycrystalline silicon under these test
conditions,

The copper—dopedAsingle crystal material was only marginally
inferior in cell performance to baseline méterial,3 and thcrefore
the POCIL3 gettering had little effect on cell efficiency;’although it can
be presumed that copper, a fast diffuser, was effectively gettered by

the treatment.

The results of HCL gettering for one hour at 1000° or 1100°C
respectively is illustrated in Figure 14, Again, fhe more rapidly
diffusing elements titanium and vanadium are effectively gettered frém
polycrystalline silicon, while slower diffusing molbydenum is not.
Gettering of copper‘from single crystal silicon by HC% treatment appeafs
to be extremely effective. (However, a part of this apparent effectiveness
is due to anomalously low cell efficiencies observed following the 1000°C

HCL trecatment,

Further thermochemical processing experiments are in progress.
In one of these, the effectiveness of argon implantation damage gettering
combined with HCZ and POCR,3 gettering is being evaluated on copper-doped |
and titanium-doped solar cell material. Another experiment in progress
will investigate the possibility that the p-n junction-forming step
(POCE3 diffusion) alone is sufficient to getter some harmful_impuritiés
from the junction region. Cells with ion implanted junctions (no

anticipated gettering action) will be compared to cells made with the
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standard POCRS diffusion process. ‘The significance of this e;periwent
could be very high, relative to the. cost effectiveness of ion implantation

processes for less pure, but low cost, solar materials, -

3.5 Impurity Behavior in High Efficiency Devices

Our investigation of solar cell impurity effects has relied on
a conventional device of rather conservative design. The fabrication

technology was minimally complex1

and optimized for reliability and
repeatability rather than for cell efficiency.. In the foliowing discussion
we refer to these as '"standard cfficiency" (SE)'CUIIQ as_distiﬂguishéd
from "high efficiency” (HE) cells. SE baseline cells, ie, éontainiﬁg'no
added impurities, have an AMllefficiency of ~14,5% with AR édatingé, An
analytic model was devised to relate the performance of the SE cells to
their content of added impurities.;'The model parameter obtained to
characterize the impact of each impurity is its degradation tlireshold (NOX),
above which cell performance is significantly degraded. Cells containing

a specific impurity at its threshold concentration will experience a 3%
loss of short-circuit current and correspondingly approximately a 7% loss

in efficiency as referred to baseline devices.

The model related the normalized short-circuit current (In) to

the concentration of impurity-x (Nx) as follows:
(/1 -13% = €, (1+N_/N_) (1)
ne’ 'n 1 X" ox :

where C1 = 0.0121 and I e =1.11 are model constants slightly dependent
on cell design and independent of impurity effects. The efficiency is
related to the short-circuit current hy the empirical exprescion:

1,128 . 0°1281n12) S (2)

n = n0(0.872;n

In the model derivation it was shown that the degradation

threshold can be expressed as:

2
Nox - Dnb/(LnthhoxAx) . (3
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where Dnb is the diffusivity for electrons in. the p-base, Lno is the
effective diffusion length for electrons in' the .base, o is the effective
recombination cross-section for the traps produced by impurity x, V h is
the thermal velocity, and A is the ratio of electrically active 1mpur1ty
centers to those metallurgically present, Of these parameters, O, and
Ax are direct properties ‘'of the specific¢c impurities. Lno and poss1b1y

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

Experimentally, the ohmic back "standard efficiency" (SE)
cells used throughout the 1mpur1ty effects study exhibit values of L
from V140 to ~180 um and typically have a base width of ~275 um.
Diffusion length data are obtained from measurements of the open-circuit
veltage decay, short-circuit current and from modelling analysis with
results in good agreement. D1ffus1on lengths have also been determlned
from spectral quantum eff1c1ency measurements, The results are in
qualitative agreement with the other methods but yield lower absolute
values by a factor of 2 to 4. This discrepancy is probably .a.consequence
of the extremely low injection levels used in measuring spectral response
since it is well known that minority carrier lifetimes increase significently
at higher injection levels. Figure 15 illustrates typical measured
spectral response curves for cells of three different designs.and Figure
16 shows the corresponding quantum efficiency curves. Diffusion lengths
obtained from these data are:ADevice #1, Lno = 204 um; Device #2, Lno = 100 um;
and Device #3, Lno = 315 um. The other methods of measurement gave

device #1, 400 um; Device #2, 175 um; and Device #3, 450 um.

High efficiency cell performance requires that the cell ur
its base-width exceed the absorption length of the lowest energy photons
within the absorptioﬁ band of silicon. It is further necessary in order
to collect the generated carriers, that the diffusionilength"bc-substuntinlly
greater than the width of the device. These requirements can be satisfied
only by proper design of the cell doping profiles and contact geometry,
the use of high quality silicon and careful processing to minimize
introducing defects or contamination. Minimizing minority carrier

recombination at the surfaces and in the bulk is also necessary.
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Surface recombination can be reduced by the use of back-surface fields
and by passivation of the physical surfaces, e.g. with oxides. Bulk
recombination, although somewhat process dependent, is primarily
determined by the quality of the silicon crystal; that is,its impurity
content and its defect structure. The defect structure is controIled'by
the crystal growth technique and can be reduced to levels of little
importance in crystals prepared by CZ, FZ, dendritic web and some other
methods. However some casting and ribbon growth methods result in
significant twinning and randomly oriented grain boundaries as well as
other defects in the silicon. These defects with the exception of
coherent twin boundaries have been shown to have large recombination
activity even when impurities are not present. Thus for a polycrystalline
material to he a likely candidate for high efficiency cells it must have
very large grain structure or consist primarily of grains bounded by

coherent twins.

Having identified a large effective diffusion length as a
primary requirement for high efficiency, we can now examine the
sensitivity of HE devices to impurities using the equations of the
impurity model? If we assume that the constants ¢y and Inoo are
" independent of cell design then the model can predict the HE behavior
from the data obtained with the SE devices by knowing the value of In°°
required. for a particular HE dcvice. The design independence assumption
is cleafly questionable but as we show later; it is approximately true in

the range of impurity concentrations of interest.

Using equation (3) we obtain an expression for the degradation

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

: o 2 | .
NOX(HE) = NOX(SE)(LHO(SE)/LnO(HE) (Dnb(HE)/Dnb(SE)) ‘ (4)

Let us consider the effect of adding molybdenum to a wide-base HE cell,
Cell #3 in Figures 15 and 16 above., The degradation threshold for Mo in

SE cells is 6x1011/cm3 and L (SE) = 175 um. The diffusion length in the
wide-base HE cell; L (HE) = 450 um. These data in Equation (4) imply that
the degradation threshold for Mo will be reduced to 9x1010/cm for the
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wide-base HE devices. The model curves for SE cells containing Mo are
shown in Figure 17 where No(moly) = 6x1011. Figure 18 shows the
efficiency curve for the HE device where No(moly) = 9x1010. By comparing
the two figures it can be.seen that the curve has moved to the left for
the HE device indicating its approximately seven-fold higher sensitivity

to the Mo concentration,

In order to test the validity of predictions of the analytic

impurity model, we have developed a detailed finite element model with

which we can calculate cell performance for various spectra and operating
conditions. The model analysis derives from the cell design geometfy

and the material properties, i.e. the dopihg profiles, impurity content,
etc. and is believed to properly include all relevant effects. Some results
and a discussion of the method of analysis were'ﬁresented in the previous

quarterly report.

We have used tﬁis more precise model to predict the éffect of
molybdenum on the perforﬁance of SE cells and two types of HE cells,
The results of these calculations are shown in, Figures 17, 18, and 19.
The agreement with the impurity model predictions and with experimental
data is quite good in all three casés, at least for moderaté’Mo concen~
- trations. = At the highest concentrations, the impurity model predicts
too great a perforhance loss, particulafly for fhe narrow-baée back-
surface-field device, the design details of which deviate most from the

assumptions used in the impurity model derivation.

For most practical purposes this analysis shows that the
simple analytic expressions, Eq. (1) and Eq. (4) are suitable for
determinining the imﬁurity behavior of high efficiency solar cells. ' The
necessary data are the values of Nox for SE cells from the published
data base and a value for the effective diffusion length in an uncontaminated
HE cell of thé required design.
‘ Only a . limited amount of exferimental.data ié presentiy availablé;
for the HE cells but the results are generally in agreément with model |

predictions. Several experiments are in progress with both wide-base and

narrow back-field devices and the results will be presented in ‘the future ..
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4, CONCLUSIONS

Cr appears to be highly mobile in the silicon matrix even at
low temperatures. We have found—in contrast to earlier results for Mo,
Ti and V-that the electrically-active Cr concentrations in polycrystalline
silicon vary:from place to place within an ingot, and that the concen-
trations are more than an order of magnitude smaller than would be
expected in single crystal ingots w1th the same metallurg1ca1 Cr
content. We hypothesize the Cr diffuses to grain boundaries dur1ng cool-
down from the growth temperature, becoming electrically deactivated
at these loéations. Spectral response data and cell performance measurements
indicate cell. degradation by Cr even. at concentrations below the

detectability by DLTS.

Even after POCZ, gettering for only on¢ hourat 600°C, no Cr
can be detected by DLTS at depths as great as 2 mil below the surface of
single crystal wafers. Prior to treatment about 8x1013Cr cm -3 was found.
Clearly rapid outdiffusion of Cr (or thermal deactivation) must occur

during the treatment.

Both A% and Au introduce deep levels in silicon which reduce

minority carrier lifetime and cell performance. EV+0 44eV and E,*0.49eV
12 -3

’

levels are induced by A% at concentrations of 1.2 and 1.7x10
respectively for an ingot containing a 1.2x10 7cm_$ metallurgical
concentration, The Tow electrically active trap concentrations are not
'totallyxaccounted for by Al-d complexing or doping effects. Au inéorporated
in silicon byAcrystal growth displays four deep levels—E y*0.22eV, E +0.34eV,
E +0.47eV, and EV+0 53eV—in contrast to the two levels normally produced
durlng Au diffusion, Only a fractlon of the total metallurgical Au
concentration is electrlca;ly active but it is sufficient to degrade bulk

lifetime.
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‘Accelerated aging of Ni-doped silicon at 400, 600, and 800°C
produces a thermally-activated cell performance loss of the

1/n, %’tl = 28.47 exp (0.673eV/kT)hr |

where n, is the initial uncbated cell efficiencyif%); Projected to a
20 year operating lifetime, the data imply no significant impact on
cell performance due to Ni impurity-related effects. Data for Ag were
too scattered to fit to a model of this type. '

Following exposure to combined temperature and electrical bias
stress for 100 hours at 225°C, solar cells containing:Fe, Nb, Ag, Cr, Cu,
and Ti, resﬁectively, show no aegradation in cell performance compared
to baseline (un confaminated) devices. These studies will cdntinqe at

higher temperatures,

Ti and V but not Mo can be gettered by either POCL., 0T HCR
treatments at 1000°C and 1100°C. This is consistent with earlier data

for gettering of single crystal material containing these impurities,

Projections based'on_the earlier impurity-performance model and
a recent, more sophisticated,'finite"element model show about a 7 fold
":feduction in the threshold for Mo content at which high efficiency cells

degrade compared to our standard test device.
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5. PROGRAM STATUS

- The current milestone chart for the Phase IV progrém is

illustrated in Figure 20.

5.1 Present Status

During this quarter we

Determined the relative effects of Cr on single crystal,
and polycrystalline solar cells using DLTS, spectral response

and cell performance data.

Evaluated by DLTS measurements the Mo diffusion profile formed

during POCL, gettering at 1250°C.

Analyzed the effect of Au and A% on single crystal solar cell

performance,

Completed low temperature/bias aging experiments up to

225°C on solar cells containing seven different impurities.

Demonstrated Poczs-gettering of Ti and V from polycrystélline

solar cells,

. Correlated experimental data with model calculations for

high efficiency devices.

5.2 Future Activity

During the next quarter work will continue on (1) polycrystalline

cell behavior (2) thermochémic¢al interaction of impurities, inéiuding ion

implant behavior (3) permanence studies and (4) impurities in high

efficiency devices.
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PHASE IV PROGRAM PLAN (SCHEDULE)
Month
TASK J F M A M J J A S N D F M M 1
CY-1980 -CY-1481
1. Experimental Mazerial Evaluation ' & A
2. High-Efficiency Cells 'y . - A
3. Polycrystalline Silicon A A
4, Long~-Term Impuriiy Effects [ A
5. Processing Studies 4 4
o
o

6. Meetings:

PTM o 3 4 2 s A

Workshop [}

Contract Reviaw 4 4 L A
7. Reports

Program Plan [}

Monthly a4 4 & A A & A A LA a

QuarterlyA A A A .

Final Draft A

Final Report A
8. Deliverable Items

Cell Blanks
Cells
Si¥icon Materials

AS AVAILABLE

S Eat




6. REFERENCES
1. R. H, Hopkins, et al,, 11th Quarterly Report and Summary, Silicon
Materials Task (Part 2) DOE/JPL 954331-78/3, July 1978,

2. R. H. Hopkins, et al., 5th.Quarterly Report and Summary, Silicon
Materials Task (Part 2) DOE/JPL 954331-77/1, January, 1977.

3. R. H. Hopkins, et al,, 17th Quarterly Reporf and Summary-Volumes 1 and 2,
Silicon Materials Task (Part 2) DOE/JPL 954331-80/9, January, 1980.

4. A. G. Milnes, Deep Impurities in Silicon, John Wiley, New York
(1973). '

5. K. Graff, et. al., Solid St. Elect. 16, 887, (1973).

6. R. H..Hopkins, et al., 20th Quarterly Report, Silicon Materials
Task DOE/JPL-954331-80/12 October 1980. '

7. J. R. Davis, A. Rohatgi, R. H. Hopkins, P. D. Blais, P, Rai-Choudhury,
J. R. McCormick and H. C. Mollenkopf, IEEE Trans on Electron Devices,
Vol. ED-27, No. 4, p. 677 (1980).

8. A. Rohatgi, J. R, Davis and R. H. Hopkins, IEEE Trans. on Electron
Devices, Vol. ED-28, No. 1, p. 103 (1981).

9.. R. H. Hopkins et al., .19th Quarterly Report, Silicon Materials Task
.DOE/JPL-954331-80/11, July 1980.

61

Lt



7. ACKNOWLEDGEMENTS

We would like to thank the folloﬁing individuals whose
contributions have been important to the success of thié program:
D. N. Schmidt (cell processing and testing), B. F. Westwood and J.
McNally (process experiments and photolithography), A. M. Stewart
(material characterizafion), H., F. Abt (metallization), S. Karako (DLTS
measurements), T. Zigarovich (mask preparation); R. R, Adums and J. M.

Bronner (processing), and D. Labor (manuscript preparation).

62

«U.S. GOVERNMENT PRINTING OFFICE: 1981-740-145/1283





