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DESCRIPTION OF PROJECT
j

The purpose of this program is to determine the mechanisms

affecting the conversion efficiency of polycrystalline silicon

solar cells and, once knowing these mechanisms, to develop solar

cell fabrication processes that take full advantage of its

potential as a photovoltaic mater-al. The primary emphasis of

this work is on large-grain polycrystalline silicon as supplied

by Semix, Inc. However, the results of this work are generic

and will be applicable to all polycrystalline silicon materials.
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The investigation of the performance-limiting mechanisms in

large-grain (greater than 1-2 mm in diameter) polycrystalline

silicon was continued by measuring the illuminated current-

voltage (I-V) characteristics of the mini-cell wafer set. The

average short-circuit current on different wafers is 3 to 14

percent lower than that of single-crystal Czochralski silicon.

The scatter was typically less than 3 percent. The average

open-circuit voltage is 20 to 60 mV less than that of single-

crystal silicon. The scatter in the open-circuit voltage of

most of the polycrystalline silicon wafers was 15 to 20 mV,

although two wafers had significantly greater scatter than this

value. The fill-factor of both polycrystalline and single-

crystal silicon cells was typically in the range of 60 to 70

percent; however several polycrystalline silicon wafers have

fill-factor averages which are somewhat lower and have a

significantly larger degree of scatter. Lower average values of

open-circuit voltage and a greater degree of open-circuit

voltage and fill-factor scatter were correlated with the

presence of inclusions, which was also correlated with

significantly greater values of shunt conductance. Therefore,

the scatter in the open-circuit voltage, fill-factor and power

of solar cells presently fabricated from cast large-grain

polycrystalline silicon is due, to some extent, to inclusions,

which act as resistive shunts. 	 However, this defect is not

ii



intrinsic since a number of polycrystalline wafers shown no

indication of excessive shunt conductance or the presence of

inclusions.

Two processes, gettering and hydrogenation, are being

investigated for improving the performance of polycrystalline

silicon. Several experiments were performed to evaluate the

usefulness of a 1000 0C back-side damage-gettering heat treatment

for removing minority-carrier lifetime-killing impurities. At

present, no improvement in minority-carrier lifetime has been

observed. The photoconductivity decay time of the poly-

crystalline silicon wafers was systematically and significantly

degraded by longer heat-treatments at 1000 0C. There appears to

be a minority-carrier lifetime-killing mechanism in poly-

crystalline silicon that is activated by the high temperatures

employed in this particular damage-gettering heat treatment.

A system for DC plasma hydrogenation of 2cm x 2cm samples

is being refurbished to investigate grain and subgrain boundary

passivation.
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I.	 INTRODUCTION

This report summarizes the progress achieved during the

fifth quarter of a program to determine the mechanisms affecting

the conversion efficiency of polycrystalline silicon solar cells

and, once knowing these mechanisms, to develop solar cell

fabrication processes that take full advantage of its potential

as a photovoltaic material.

Section II of this report summarizes the results we have

obtained by fabricating an array of small (approximately 0.2cm2)

photo-diodes across several 10cm x 10cm wafers. The illuminated

current-voltage	 (I-V)	 characteristics of each wafer are

summarized.	 Further analysis of the shunt conductance was

performed and is also reported in Section II.

Two processe:.. gettering and hydrogenation, are currently

being investigated for improving the performance of poly-

crystalline silicon. In Section III the results of several

experiments on damage-gettered polycrystalline silicon wafers

are described. A system for DC plasma hydrogenation of 2cm x

2cm samples is being refurbished to investigate grain and

subgrain boundary passivation.
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The conclusions to date on the mechanisms limiting the

performance of polycrystalline silicon as a solar cell material

are summarized in Section IV. Finally, the appendix contains a

paper that was presented at the Symposium on "Materials and New

Processing Technologies for Photovoltaics" of the 163rd Meeting

of the Electrochemical Society. This paper describes the

results and conclusions obtained from the thick ness-resistivity

matrix work that was performed earlier in this contract.

II. PROCESSES LIMITING THE PERFORMANCE OF POLYCRYSTALLINE

SILICON MATERIAL

A.	 Mini-Cell Wafers

During the previous quarter a set of mini-cell wafers was

fabricated, and measurements of their electrical characteristics

were begun [l]. Three of the polycrystalline silicon wafers

were from the central portion of Semix ingot 71-01E, from near

the bottom, in the middle, and near the top of the brick. Two

additional Semix wafers were from the middle of bricks C4-108

and C4-1168. A Wacker Silso wafer was processed, and a single-

crystal silicon wafer was included as a control. Junction

capacitance measurements showed that the boron concentratio,z

(resistivity) did not vary significantly with position, whethe.-

the wafer was from Semix or Wacker. Measuremen'. of the shunt

conductance of each mini-cell was used to locate areas of each

fi
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wafer	 where	 additional	 electrical	 and	 electro-optical

measurements	 would	 not	 be	 influenced	 by	 the	 effects	 of	 a

3
resistive shunt.

A	 test	 block	 for	 testing	 individual	 mini-cells	 with	 a

Solarex	 solar	 simulator was	 designed and built.	 This	 simulator

is	 normally	 used	 to	 test	 4cm2	solar	 cells.	 An	 additional

optical	 port	 was	 added	 for	 the	 mini-cell	 test	 block.	 Part	 of

the test system for the 4cm2 cells consists of a DEC 11/03 mini-

computer	 interfaced to the electronic load and to the cell test
WA

block.	 Solarex-developed	 software	 controls	 the	 test	 procedure

and	 writes	 the	 current-voltage	 (I-V)	 characteristics	 of	 each

tested	 cell	 onto	 an	 8"	 magnetic	 floppy	 disk	 for	 permanent

storage.	 A	 secone	 DEC	 11/02	 minicomputer	 off-line	 is	 used	 to

read	 the	 data-file	 disk,	 analyze	 the	 I-V	 data,	 and	 generate

reports, again using Solarex-developed software.

Work	 this	 quarter	 consisted of	 interfacing the computer	 to

the	 mini-cell	 test	 clock,	 modifying	 the	 existing	 Solarex-

developed	 cell	 testing	 software	 for	 use	 with	 the	 mini-cell

wafers,	 measuring	 the	 mini-cell	 wafers,	 and writing	 software	 to

list and analyze this data.	 The cells were tested under an AMO,

135 mW/cm2 light source at 250C.

3
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The mini-cell test program measures and stores the AMO,	 I

red-filtered (Corning filter 2408), and blue-filtered (Corning

filter 9788) I-V curves (40 current-voltage pouts) and

characteristics (such as short-circuit current, open-circuit

voltage, peak power, and fill-factor), plus the junction

capacitance and shunt conductance of each mini-cell, which is

given a unique wafer and location label. Each data disk is

capable of storing the I-V data from 1450 mini-cells, that is,

all of the data from about four 10--m x 10cm mini-cell wafers.

Software for listing the data was written and was used to

begin evaluating the data. Cells that were not isolated (due

1 either to incomplete mesa etching or to silver shorting the mesa

isolation) and cells that were cracked were removed from the

data. In general, the number of cells that were unusable due to

L

processing problems was not excessive. Overall, about 60 to SO

percent of the cells from each wafer had no obvious processing

defect. The average, standard deviation, coefficient of

variance, and range of the characteristics for each wafer are

shown in Table 1.

The average short-circuit current density ( ,Ise) of the

polycrystalline cells was always less than that of the single-

crystal control wafer (SC11-1). In the best material (C4-116B),

the dif-rerence was only 3 percent; the bottom wafer of brick

71-OIE was about 14 percent lower. The scatter for the wafers

t
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'i

L



A	 to
NNNw N.•ilow•
wONN wO.ir

O
oNro• 1
04040411.1

r

N	 O	 r
r N01e\ ^••0• I•fNN01
wo.rN wo•N aC;

w	 ^	 r

N
/!

CI Oh
V

N
m f4 ., w

r 414 O

• • 1
• O P1 10
4	 •

N
.y

N I.1 N H
r•ioNwrl

.1

.1

N.NA14 •NN.^ Orr.
In.Ir4 • «ter •ro.t'o

N	 O	 N04

03 v j IE

iy
ORIGINAL PA

"
j ,

OF POOR QUALITY

n

v

N

^e

	

•	 r	 n	 •^
•r	 w	 s	 o 	 a

&"p4 m m ON	 . 01.1 .. •91 .	
1̂04

N 	.• .	 • .1 .I N .I N .4 r .I N N N .^ N N to .^ O .i	 .1 11 .4
•yOM	 •"t0^^ .HooiP .^OPw Iv 010^ .i OlO. l•1 .^OP10

	

N	 •^	 1h	 0	 w

	

N	 w a 0	 O• toN

	

•	 IH 0,O	 New N I.1 N w	 ;^ O r O ' •l o •N r • .•I N

	

r w N tl lr N	 O N• OI O r N in w «^

	

1 1	 •• 1 1 r I•► l 1 owl i t «h l rll 
w1 0 l i wf 

• l	.^ N O . 4 • O	 .4 O rl •-1 pe	o .^ N o	 Oe	 o	 0
	0 	 0	 o	 r	 cv	 o	 0

t^l

N

aQ'^

1` 	 It
	 `t	 o	 o	 •	 to

M NN^ 10. 01.i
1oO.10

1
e • r ;^O
N	 N/rl	 ..I

N	 N	 n	 •	 N	 N	 a
°	 N	 N	 O	 O	 .1rNO^lp nrlo	 01NN r NIp N r wmNr 0101"/r 10N.If0+

.I•to••1 10Nw0 1.1r.^to	 ' 1	 •	 1	 • • • 1	 • • . 1
10	 •	 W 14	 in	 .0 m N ^ to .I 4	 e•f N w N

N	 o\	 .y • to	 • N .I .r • 10
•	 •	 N	 ry	 O	 O	 IN	 N	 e•1

N	 ok	 "'	 •,y	 n	 r	 N

O cc .-^ N. w .̂ ll	 •^• l	 . J•^p.-1 rr•.-1 WO^'1.^ O^•fn	 r0 N.4
O .1 0: C-0-  	 1	 '	 1	 1	 1
.I	 . 	 O .r ••1 8 r « N a O.I01O w N r .I a% #.f

I•f	 ,y	 •"1

r
• to
	 O

v

•i
I~

^I
Ih	

an	
•	 •C1	 w	 •	 N

OW •
w. 1 NYf ^. 1 001 . 1 ON	 NN	 .IN	 1011a.IN0 in

	 N.4M• N •w^1 IwA.INIV •NOO1 N^• N gN	 .1 N	 10 N	 N N .•1 w N . I.1N	 N	 •	 N	 N	 04	 •

o	 I.1	 ,•^	 r	 e1	 O1	 r
In•NI ly O\10 .IN www m .AN ON w %Dm ro^rM If1 /G r/^•/
C; Z;	 tzC;4	 rOpNT • • 1	 ' 1	 • 1n	 • N	 • N	 100110 01 .INN w.-110411 P: C;

a	 ^	 N	 • N	 • f`!	 • N
N	 N	 N	 h	 H	 •NCI	 NN

1w	 w	 ..	 w	 ^ U	 Ir 
^i	

i/
s	 <	 <n eZ oc^8 «8 <

1	 U	 .•1 ^	 .,t a	 .r ^	 .1	 ^	 K' ^Q
O	 .4	 „	 w U

4	
0	 0

W M ^4 M	 m A M • N
ch

 't' •	 •Z, u N s

S

I

c
I



from brick 71-OIE and for the Wacker wafer was less than 3

percent; the scatter in the short-circuit current of the wafers

fr,,m brick C4-116B and C4-108 was significantly greater, 5.6 and
i
!	 6.7 percent, respectively.

The average open-circuit voltage (Voc) of the poly-

crystalline cells is about 20 to 60 mV lower than the average of

the single-crystal control cells, which was 580 mV. The scatter

for the cells from the top and middle wafer of brick 71-01E,

from C4-116B, and from the Wacker wafer, is similar to that of
a

the single-crystal control - about 15 to 20 mV. However, the

cells from the bottom wafer of brick 71-01E and from the wafer

from brick C4-108 have an open-circuit voltage scatter that is

significantly greater - 42 and 55 mV, respectively. These two

wafers also have cells whose average open-circuit voltage is

significantly lower than trat of the single-crystal controls or

the other polycrystalline wafers.

With the exception of the wafers from the bottom of brick

71-01E and from brick C4-108, the average fill-factor (FF) of
1

the cells from the remaining polycrystalline wafers and from the

single-crystal control wafer are similar and do not show

excessive scatter. The average fill-factor is low (62 to 66

percent) for these wafers, including the single-crystal control
s

;i
wafer, due to the series resistance resulting from the lack of a

fine front grid metallization. The av:drag a fill factor of the

(
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wafers from the bottom of brick 71-OIE and from brick C4-108, 56

and 57 percent, respectively, is lower than that of the other

wafers; in addition, their scatter is substantially greater.

As a result of the lower open-circuit voltages and lower

fill-factors of the cells from the bottom wafer of brick 71-01E

and from the wafer from brick C4-108, the average peak power

(Pp) of these cells is also substantially lower than that of the

other wafers.

The red-filtered short-circuit current density is sensitive

to the minority-carrier diffusion length. The red filter

transmits only these wavelengths longer than about 620 nm; this

light would have an absorption coefficient in silicon of less

than 4x10 3 cm-1 and would be able to penetrate deeply into the

bulk. Hence, carriers generated far from the junction by this

long- wavelengt ► li•_ht will be collected only if the minority-

carrier diffusion length is sufficiently long. The blue filter

transmits those wavelengths shorter than 600 nm. This light is

able to penetrate only about 2 microns into silicon; therefore,

the blue-filtered short-circuit current density is most

sensitive to changes in the junction and near-junction regions.

The red-filtered short-circuit current density (J R ) of the

polycrystalline cells is less than that of the single-crystal

control cells;, indicating shorter minority carrier diffusion

W_
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lengths in the polycrystalline silicon. The scatter in the red-

filtered short-circuit current density of the cells from brick

f .	 71-01E is greater than that of the single-crystal control cells,

but is substantially less than the scatter of the cells from the

j other polycrystalline wafers. The blue-filtered short-circuit

current density (J B ) is fairly constant although it is somewhat

greater for the single-crystal control wafer and the wafer from

brick C4-116B.

The average shunt conductance (Gs) varies substantially

from wafer to wafer and within each wares. It is low, less than

2 mmho/cm2 , in the single-crystal control wafer, in the top

wafer from brick 71-01E, and in the wafer from brick C4-116B.

It is very high, greater than 5 mmho/cm2 , in the wafers from the

middle and bottom of brick 71-01E and from the middle of brick

C4-108. The average shunt conductance of the Wacker wafer is

intermediate at 4.8 mmho/cm 2 . Shunt conductance tends to

increase from the top to the bottom of brick 71-01E. The ranges

of the shunt conductance of the cells from the wafers from the

middle and bottom of brick 71-01E and from brick C4-108 a+:e 91,

X00, and 154 mmho/cm2 , respectively, which are significantly

greater than those of the remaining polycrystalline wafers (19

to 55 mmho/cm2 ) .

8
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The average resistivity ( P ) of nearly all of the wafers is

in the 1 to 2 ohm-cm range; the resistivit y of the wafer from

brick C4-116B is somewhat higher, which may account for the

slightly greater short-circuit current density, due to a longer

minority carrier diffusion length. There is no significant

scatter in resistivity in any wafer; the resisitivity appears to

be fairly uniform across any polycrystalline wafer, whether from

Semix or Wacker, and whether from the top, middle or bottom of

the brick. There is some indication that the resistivity is

slightly higher, and the dopant concentration is slightly lower,

at the bottom of brick 71-01E.

B.	 Shunt Conductance of Polycrystalline Silicon Wafers

Of particular interest in the data from the mini-cell

wafers is the wide variation in shunt conductance of the mini-

cells from wafer to wafer and, especially, within any wafer.

The averge shunt conductance varies by more than an order of

magnitude from wafer towafer, from a low of 1.5 mmho/cm2 for

wafer C4-116B to a high of 20.8 mmho/cm2 for C4-108. Shunt

conductances on the order of 1 mmho/cm 2 have little effect on

cell performance. However, shunt conductances greater than 10

mmho/cm2 will reduce the theoretical fill-factor by more than 20

percent. Thus, shunt conductances that are consistently greater

than 10 mmho/cm2 are a serious impediment to achieving a high

efficiency solar cell

9



Figures 1 through 7 show histograms of shunt conductance

for each mini-cell wafer. The single-crystal wafer, Figure 1,

shows a peak somewhere in the range of 0.2 to 5 mmho/cm 2 . While

this is not encouragingly low, it should be mentioned that this

wafer was broken into two pieces during processing. Only about

1 percent of the cells from this wafer have values of shunt

conductance greater than 10 mmho/cm2.

Figures 2, 3 and 4 are for the top, middle, and bottom

wafers, respectively, from Semix brick 71-01E. The top wafer

has a nearly flat distribution from about 0.01 mmho/cm 2 to 10

mmho/cm2 . Interestingly, the peaks occur in the same ranges as

in the single-crystal wafer, 0.2 to 0.5 mmho/cm 2 and 2 to 5

mmho/cm2 . The middle wafer, in contrast, has only one peak, at

2 to 5 mmho/cm2 , with a normal-looking distribution about the

maximum. The distribution for the bottom wafer is skewed toward

higher values of shunt conductance, with a maximum at 20 to 50

mmho/cm2 . There is also a peak at 2 to 5 mmho/cm2 . Only about

4 percent of the cells of the top wafer have values of shunt

conductance greater than 10 mmho/cm2 . However, more than 18

percent of the middle wafer's cells, and nearly 30 percent of

the bottom wafer's cells, have shunt conductances greater than

10 mmho/cm2 . Microscopic examination of these cells revealed

that many inclusions were present in those cells wish large

shunt conductances.

i F
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This observation was repeated with wafer C4-108, whose
I

	i (	 histogram, shown in Figure 5, hae a peak at 10 to 20 mmho/cm 2 as

well as 2 to 5 mmho/cm 2 and is skewed toward higher shunt	
+

	

I.	 conductan^_as.	 About 40 percent of the cells have values of	 1

shunt conductance greater than 10 mmho/cm 2 .	 Many inclusions
i
l

hwere present in these cells.

r 	 i

In contrast, wafer C4-116B has a distribution, Figure 6,

which, while skewed toward higher shunt conductances, has a peak

I
	 r-	 in the 0.5 to 2.0 mmho/cm 2 range.	 Very few inclusions were

observed in this wafer, and only about 1 percent of the cells

jhad values of shunt conductance greater than 10 mmho/cm2.

Finally, the distribution

shown in Fioire 7. This is

conductances with a maximum in

Some inclusons were present in
I.

the cells have values of shut
r

Immho/ cm2 .

for the Wacker Silso wafer is

also skewed toward hugh shunt

the range of 2 to 5 mmho/cm2.

this wafer. About 7 percent of

it conductances greater than 10

While several interpretations of this data can be made, of

significance is the fact that, for the wafer from the bottom of

brick 71-01E and from brick C4-108, large numbers of high shunt

Iconductance cells correlated strongly with the presence of many

r

inclusions. These two wafers are also characterized by a large

scatter in open-circuit voltage, peak-power, and fill-factor.

u
0	 15
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Their	 short-circuit	 current,	 red-filtered	 current,	 and

resistivity were fairly uniform. This implies that, to some

extent, the scatter observed in the open-circuit voltage, fill-

factor, and peak-power of cells presently fabricated from caac

large-grain polycrystalline silicon is due to inclusions, which

act as resistive shunts.

III. PROCESSES TO IMPROVE THE EFFICIENCY OF POLYCRYSTALLINE

SILICON MATERIAL

A.	 Gettering

Results from the thickness-resistivity matrix ind-cdted

that polycrystalline silicon. is presently characterized by a

minority carrier diffusion length that is somewhat shorter than

that of Czochrdlski single-crystal silicon. The cause of "he

sv.ovter minority carrier diffusion lengths in polycrystalline

silicon has n , : L been unequivocally identified, but one

possibility is that this reduction is due to a minority carrier

lifetime-killing impurity. 	 It may be possible, if i^deed this

is the ease, to improve the short-circuit ^ur g ent of poly-

crystalline cells by removing some of this impurity,

particularly if it is a fast-diffusing species, by a procedure

known as damage gettering, which has been reported to result in

a significant increase in minority carrier diffusion length in

metallurgical grade silicon [2].	 During this quarter a number

I i'

I F
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fl
of experiments were performed to evaluate the effect of a 10000C

damage-gettering heat treatment upon the performance of

large-grain polycrystalline silicon.

An experiment was performed to evaluate the cleanliness of

the annealing tube. Four polycrystalline and four single-

crystal silicon 5cm x 5cm wafers were etched using a CP etch to

a thickness of 250 microns and then damaged using 320 mesh

aluminum oxide powder to sand-blast the back side. The poly-

crystalline silicon was from Semix brick C4-87E. Each wafer was

then cut in half. The left half was heat-treated at 1000 0C for

25 hours in a fused quartz tube furnace under flowing nitrogen.

The right half, the control, was not heat-treated. If the tube

were contaminated with lifetime-killing impurities, or if the

wafer handling techn1,' 1e were reducing the mincrity carrier

lifetime, then this should be clearly shown by comparing a

heat-treated single-crystal sample to its control.

The microwave reflectance photoconductivity decay technique

was used to monitor the change, if any, in the minority carrier

lifetime as a result of the heat-treatment. This technique has

been previously shown [3] to be useful in determining the

variation in an approximate value of minority carrier lifetime

across a 10cm x 10cm polycrystalline silicon wafer since there

was a strong correlation between the red-filtered short-circuit

c, .irrent (which is sensitive to minority carrier lifetime) of a

I
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4cm2 solar cell and the value of the microwave photoconductivity

decay time constant of the silicon used to fabricate the cells,

as shown in Figure 8. Therefore, this technique can be used, by

measuring the photoconductivity decay time constant, to obtain

an estimate of the minority carrier lifetime in the bulk

material, assuming 311 conditions are similar. The exact

relationship betwe_n the time constant and the minority carrier

lifetime has not been determined, and the two are not

necessarily equivalent. Because the photoconductivity decay

time constant is sensitive tc, a number of intrinsic and

extrinsic parameters, absolute values of time constant are not

meaningful. However, if all test and sample conditions are

maintained constant, the technique can be validly used to

evaluate changes in minority carrier lifetime.

After the heat-treatments were completed, all samples were

CP-etched to remove any surface damage and then lightly diffused

in order to measure the microwave conductivity decay time

constant. The photoconductivity decay time constant (hereafter,

photoconductivity decay time) was evaluated at eight points on

each 5cm x 5cm wafer using the technique described in Reference

2. The results of these measurements are shown in Table 2. The

photoconductivity decay time of both the single-crystal and

polycrystalline wafers decreased as a result of the heat

treatment. However, while the photoconductivity decay time of

the single-crystal silicon samples decreased by less than a

21
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	 AMO and red-filtered short-circuit current as a

Cfunction of photoconductivity decay time, using

the technique described in Reference 3.
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TABLE 2

Change in photoconductivity decay time constant (in usec) due to

10000C heat-treatment for 25 hours under flowing nitrogen.

1k.

SAMPLE	 NO HEAT-TREATMENT
	

25 HOURS/10000C

SINGLE-CRYSTAL - 1
	

6.2 + 1.0
	

3.8 + 0.4

SINGLE-CRYSTAL - 2
	

6.9 + 0.3
	

4.4 + 0.0

POLYCRYSTALLINE - 1
	

3.4 + 0.7
	

0.3 + 0.0

POLYCRYSTALLINE - 2
	

3.4 + 0.2
	

0.5 + 0.2

23
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factor of two, the polycrystalline silicon samples decreased by

more than a factor of five. The change in the photoconductivity

decay time of the single-crystal samples, heat-treated at 10000C

for 25 hours in flowing nitrogen, is small enough (less than a

factor of two) that the minority-carrier lifetime is probably

not being degraded by diffusion of impurities from the diffusion

furnace. The change in the photoconductivity decay time of the

polycrystalline silicn, by more than a factor of five, is

significant and could be due to a number of factors.

I I

!
n

The next experiment was performed to evaluate the effect of

wafer thickness and time at 1000 0C on the degradation of the

minority carrier lifetime. Several 10cm x 10cm polycrystalline

silicon wafers were selected from one section of Semix brick

C4-87E. This material was cut from the central portion of an

ingot in order to obtain wafers that were symmetrical about the

center. The wafers, which were quartered into 5cm x 5cm

samples, were etched to thicknesses of 200, 250, 300, and 350

microns using a CP-type etch.	 Each quarter wafer was sand-

blasted on the back side only using 320 mesh aluminum oxide

powder in order to introduce damage. Each quarter wafer was

paired with a 5cm x 5cm single-crystal silicon wafer of the same

thickness which was also damaged on the back side.

24
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The polycrystalline and single-crystal silicon quarter

wafers were assembled into four groups which consisted of one

polycrystalline and one single-crystal silicon wafer of each

thickness. One group, the control group, was not heat-treated.

The remaining three groups were heat-treated for either 1, 5, or

25 hours.

Heat treatments took place under flowing nitrogen at 10000C

in a fused quartz tube furnace. After heat-treatment the wafers

were CP-etched to remove any surface damage and then lightly

diffused in order to measure the microwave photoconductivity

decay time constant. After these measurements were completed,

the wafers were used to fabricate 4cm 2 solar cells, and the

light I-V characteristics were evaluated.

The results of these measurements were ambiguous. The

variation of the photoconductivity decay time with wafer

thickness and anneal time at 10000C in nitrogen for the single-

crystal and polycrystalline silicon wafers is shown in Tables 3

and 4, respectively. There was no systematic degradation with

anneal time in any of the single-crystal samples, although those

samples heat-treated for 25 hours did have somewhat lower values

of photoconductivity decay time. However, the photoconductivity

decay time, and therefore the minority carrier lifetime, of the

polycrystalline silicon wafers did decrease with anneal time for

all thicknesses.	 The photoconductivity decay time was degraded

L
f

r,
0
c
0
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c	 TABLE 3

r	 Change in photoconductivity decay time for single-crystal
silicon samples heat-treated at 1000 0C in nitrogen.

r
NOMINAL ANNEAL SAMPLE PULSE PHOTOCONDUCTIVITY

THICKNESS TIME SIZE HEIGHT DECAY TIME
(MICRONS) (HOURS) (mV) (usec)

200 0 8 87	 (5) 6.8	 (0.3)

1 8 134	 (9) 6.3	 (0.9)

5 8 138	 (5) 7.6	 (0.6)

25 8 137	 (5) 4.3	 (0.4)

250 0 0 - -

I

1 8 108	 (6) 6.4	 (0.9)

fl
5 8 105	 (4) 6.0	 (0.9)

25 8 103	 (5) 3.4	 (0.2)

l^

f 300 0 3 115	 (5) 4.8	 (0.5)

l^
1 8 79	 2 4.7	 0.3

!i
5 g 71	 (2) 5.7	 (0.8)

r►
25 8 68	 (7) 3.3	 (0.2)

350 0 8 85	 (4) 6.9	 (0.2)

J 1 8 61	 (2) 5.1	 (0.6)

UlD
5 8 59	 (2) 3.1	 (0.2)

25 8 58	 (1) 3.0	 (0.0)

Average (Standard Deviation)
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TABLE 4

Change	 in photoconduCLivity	 decay time	 for polycrystalline

silicon samples heat-treated at 10000C in nitrogen.

NOMINAL ANNEAL SAMPLE PULSE	 PHOTOCONDUCTIVITY
THICKNESS TIME SIZE HEIGHT DECAY TIME
(MICRONS) (HOURS) ( mV) (usec)

200 0 4 101	 (5) 2.6	 (0.2)

1 8 144	 (17) 2.6	 (0.4)

5 8 131	 (19) 1.0	 (0.3)

25 8 52	 (6) 0.4	 (0.1)

250 0 8 87	 (3) 3.4	 (0.4)

1 8 108	 (4) 2.9	 (0.5)

5 8 90	 (16) 1.1	 (0.4)

25 8 84	 (11) 0.7	 (0.1)

300 0 8 63	 (4) 4.1	 (0.7)

1 8 64	 (5) 1.9	 (0.2)

5 8 64	 (6) 1.4	 (0.5)

25 8 57	 (4) 0.5	 (0.1)

350 0 8 45	 (1) 4.1	 (0.3)

1 8 53	 (2) 3.6	 (0.0)

5 8 62	 (7) 1.4	 (0.8)

25 8 63	 (4) 0.8	 (0.0)

Average (Standard Deviation)
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by more than a factor of five after 25 hours at 1000 0C in

flowing nitrogen. While the photoconductivity decay time of the

II

single-crystal samples also decreased, it was typically by less

l^	 than 50 pecent, similar to the previous experiments. 	 These

results seem to indicate that minority carrier lifetime-killing

1.
impurities, if present in this polycrystalline silicon, are not

(	 being gettered by this particular heat treatment, and implies

I	 that there is a mechanism, activated by high temperatures in

1.	 this particular nitrogen environment, 	 which degrades the

minority	 carrier	 lifetime	 of	 polycrystalline	 silicon

significantly more than that of single-crystal silicon.

f	

These conclusions were not confirmed by the electrical

I

	

	 measurements of the 4cm2 solar cells fabricated from the heat-

treated wafers. The results initially seemed to indicate that

9 etterin9 was occurri ng.	 However, the characteristics of the9

i
unannealed samples were very poor when compared to the results

of cells previously fabricated from Semix material for the

thickness-resistivity matrix. In addition, the surface of the

heat-treated cells was textured during processing, which could

account for an improved short-circuit current density. We

therefore disallowed the electrical results on the basis that

the I-V characteristics were probably not truly representative

of the material or the gettering process.

. ,
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Because no satisfactory solar celli were fabricated, this

experiment was repeated, except that only one wafer thickness

was used. An additional five wafers from the same section of

Semix brick C4-87E were quartered and thinned using a CP-type

etch to a nominal thickness of 300 + 10 microns. Each quarter

wafer was sand-blasted on the back side only using 320 mesh

aluminum oxide powder in order to introduce damage. Each

quarter was paired with a 5cm x 5cm single-crystal wafer

(ostensibly serial wafers from one ingot) of the save thickness

that was also damaged on the back side.

Groups of polycrystalline and single-crystal wafers were

heat-treated for 1, 5 and 25 hours at 1000 0C in flowing

nitrogen. One group, the controls, was not heat-treated. After

the heat-treatments were completed, all wafers, including the

controls, were CP-etched to remove any surface damage, and then

lightly diffused in order to measure the photoconductivity decay

time constant. Tables 5 and 6 summarize this data for the

single-crystal and polycrystalline wafers, respectively.

For the single-crystal onitor wafers, shown in Table 5,

the pulse height (relative sheet resistivity modulation due to

the photogeneration of carriers),	 which	 is	 sensitive to

resistivity (dopant concentration) [4], is constant. The

photoconductivity decay time, in four out of five cases, is

significantly lower after 5 hours at 1000 0C. Ths wafers that

^ 29
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TABLE 5

Change in photoconductivity decay time for single-crystal

silicon samples heat-treated at 100O 0C in nitrogen.

ANNEAL SAMPLE PULSE PHOTOCONDUCTIVITY
WAFER TIME SIZE HEIGHT DECAY TIME
NUMBER (HOURS) (mV) (usec)

1 0 8 62 (4) 21.1	 (0.5)

1 8 58 (5) 18.7	 (0.4)

5 8 56 (4) 18.4	 (0.7)

25 8 58 (4) 20.1	 (1.0)

2 0 8 64 (3) 21.3	 (0.5)

1 8 58 (4) 13.4	 (0.3)

5 8 63 (3) 6.9	 (0.5)

25 8 57 (2) 11.4	 (1.4)

3 0 8 65 (1) 22.3	 (0.8)

1 8 55 (2) 12.9	 (0.3)

5 8 59 (4) 6.5	 (0.4)

25 8 61 (2) 10.9	 (1.0)
J

4 0 6 63 (3) 22.2	 (0.5)

1 8 59 (3) 16.8	 (0.7)

5 8 58 (2) 5.6	 (0.6)

25 8 60 (3) 11.0	 (2.0)

5 0 8 63 (4) 22.8	 (0.5)

1 8 60 (4) 17.1	 (0.4)

5 8 61 (3) 9.0	 (1.1)

25 8 61 (3) 11.5	 (2.0)

Average (Standard Deviation)
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were not heat-treated always had the longest photoconductivity

decay time constant and the least scatter, lee3 than 5 percent.

The wafek a that were annealed for 25 hours had the most scatter,

about 10 to 20 percent. These results would indicate that the

damage gettering heat treatment up to 5 hours tends to decrease

the minority carrier lifetime with time at 1000oC; annealing for

25 hours tends to improve the minority carrier lifetime, but

does not restore the original value. The resistivity is not

significantly influenced by the heat-treatments.

In contrast, results for the polycrystalline wafers, shown

in Table 6, indicate that the majority carrier concentration may

I
be modified by the heat-treatment, since the pulse height

.	 r

decreases with time at 10000C.	 In addition, the photo-

	

'	 conductivity decay time decreases significantly with time at

	

Illl	 10000C, which implies that the minority carrier lifetime is
i^

being substantially reduced by the heat-treatments. The scatter
t

in the data shows no trends, unlike the single-crystal monitor

wafers, the photoconductivity decay time is not improved by

heat-treatments for 25 hours; it is less than the photo-

`	 conductivity decay time after 5 hours at 1000 0C.	 As in the
i

f	 previous experiments, the photoconductivity decay time is seen

	

if	
to be degraded by a factor of 5 to 10 due to the 1000 0C heat-

	

^I	 treatment for ?5 hours.

r
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TABLE 6

k

	

	 Change in photoconductivity decay time for polycrystalline

silicon samples heat-treated at 1000 0C in nitrogen.

ANNEAL	 SAMPLE	 PULSE PHOTOCONDUCTIVITY
fiWAFER TIME SIZE HEIGHT DECAY TIME

NUMBER (HOURS) (mV) (weec)

I	 27 0 7 73 (3) 4.1 (0.4)

L 1 8 75 (4) 4.4 (0.9)

5 8 55 (6) 3.3 (1.0)

25 8 47 (4) 0.9 (0.1)

l	 31 0 8 62 (3) 4.2 (0.5)

r 1 8 59 (4) 3.8 (0.5)

5 8 30 (4) 2.7 (0.4)

25 8 44 (6) 0.8 (0.1)

36 0 8 76 (5) 6.3 (0.9)

1 8 67 (3) 3.8 (0.3)

5 8 54 (9) 2.9 (0.7)

25 8 42 (9) 1.3 (0.5)

42 0 8 67 (4) 6.8 (1.3)

1 8 57 (2) 4.2 (0.3)

5 8 54 (5) 2.6 (0.4)

25 8 39 (8) 1.2 (0.6)

45 0 8 63 (5) 7.9 (1.6)

1 8 59 (4) 5.1 (0.6)

5 8 57 (4) 3.6 (0.8)

25 8 41 (. 4) 0.7 (0.1)

Average (Standard Deviation)
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All of these results indicate that these damage-gettering

heat treatments result in changes in cast polycrystalline

silicon that are very different frc,. those seen in single-

crystal Czochralski silicon. The effect of these changes in the

electrical performance will be evaluted by measuring 4cm 2 solar

cells fabricated with these wafers using .. high efficiency

process [5]. Particular attention has been focused on avoiding

any process that would result in a textured surface, which would

tend to enhance the light-generated current. The results will

be reported in the following quarter.

	

B.	 Hydrogenation - Hyd, , ogen Passivation

A number of recent reports indicate that monatomic hydrogen

can be successfully used to substantially improve the open-

circuit voltage, fill-factor, and efficiency of f>olycrystall.ine

silicon solar cells fabricated from Silicon-on-ceramic (SOC)

[6], upgraded metallurgical grade (UMG) silicon [7], and edge-

defined film-fed growth (EFG) silicon [8]. The hydrogen appears

to be bound in the grain boundaries [9], and is believed to

reduce grain boundary minority carrier recombination by

eliminating grain boundary trappping states due to dangling

bonds. A useful process for the hydrogenation of cast poly-

crystalline silicon has not been established.
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The open-circuit voltage of the cells fabricated for the

thickness-resistivity matrix showed a large degree of scatter

and, in some cases, very low values, even though the fill factor
f

was better than 70 percent.	 The cause of this behavior is

	

F_	 currently being investigated with the mini-cell work, but it may

L
be due to excessive recombination in the space-charge region at

the grain and subgrain boundaries. If this is indeed the case,

and if hydrogenation does result in the effective reduction or

	

L	 elimination of this recombination, then this process may yield a

substantial improvement in those cells with low values of open-

Li
circuit voltage.

1.
The effect of hydrogen p.ssivation on the performance of

r-

large-grain polycrystalline silicon will first be investigated

^r	 by hydrogenating solar cells using a DC plasma technique. Work

j )	this month consisted of refurbishing an existing system in which

ito perform the hydrogenation. The system consists of a vacuum

system with steel bell jar capable of a final pessure of 10-6
r

	J	 Torr, a gas system for introducing :hydrogen gas into the

chamber, and a high voltage power supply for creating the plasma.
(1

i
Samples will be heated with a 1" x 1" high purity ceramic

heater.	 The	 system will	 be	 completed	 and	 preliminary

Gexperiments will begin after the addition of a temperature

	

n	 controller during the next quarter.

t	 'Uj
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IV. CONCLUSIONS

l

Analysis of the thickness-resistivity matrix during the

previous quarter indicated that the open-circuit voltage and the

fill-factor of the 4cm 2 solar cells fabricated from large-grain

1.
(grain diameter greater than 1 to 2 mm) polycrystalline silicon

had substantial amounts of scatter which were not related to the

main experimental variables - thickness or bulk resistivity.

Therefore, the spatial nature of the degradation in open-circuit

voltage and fill-factor was investigated by fabricating and

testing an array of small photodiodes (mini-cells) across

(	 several 10cm x 10cm wafers.

Work	 during	 this	 quarter	 consisted	 of	 measuring	 the	 light

I
^ I-V	 characteristics	 of	 the	 mini-cell	 wafer	 set	 and	 determining

l ' the	 average	 characteristics	 for	 each	 wafer.	 Although	 the

I

average	 open-circuit	 voltage	 of	 the	 polycrystalline	 cells	 is

always	 less	 than	 that	 of	 the	 cells	 from	 the	 sing'_e-crystal

f
Czochralski	 control	 wafer,	 the	 scatter	 for	 four	 of	 the	 six

polycrystalline	 silicon	 wafers	 is	 the	 same.	 The	 average	 and

scatter	 of	 the	 fill-factor	 for	 these wafers	 is also	 the	 same as

rthat of	 the	 single-crystal	 controls.	 However,	 two of	 the	 poly-

crystalline	 silicon	 wafers	 have	 values	 of	 ope ►i-circuit	 voltages

and	 fill-factor	 that	 vary	 widely	 across	 the	 wafer.	 The	 wafers

also	 have	 significantly	 degraded	 averages	 of	 open-circuit

voltage	 and	 fill-factor	 when	 compared	 to	 either	 the	 single
f

t
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crystal or the other polycrystalline silicon wafers. 	 In

addition, these wafers have many cells whose shunt conductance

is greater than 10 mmho/cm 2 .	 Microscopic examination showed

l that many inclusions are present in these wafers, which implies

that, to some extent, the scatter in the open-circuit voltage,

fill-factor, and peak-power of cells presently fabricated from

cast large-grain polycrystalline silicon is due to inclusions,

which act as resistive shunts. However, since other wafers have

cells whose average shunt conductance is consistently below 1

mmho/cm2 , and which have no indication of inclusions, this

defect is not intrinsic to this polycrystalline silicon material

or to the casting process.

The results of the earlier thickness-resistivity matrix

indicated that the light-generated current in large-grain

polycrystalline silicon is dominated by recombination of

photogenerated carriers in the grain volumes, as opposed to

recombination at the grain boundaries. 	 This conclusion is

confirmed by the results from the mini-cell wafers.	 The

I	 short-circuit current density is 97 percent of that of the

single-crystal Czochralski wafer in the best case. For the

worst case, it is about 14 percent lower. The scatter in the

short-circuit current density is typically less than 3 percent;

in the worst case, it is only about 7 perce;:t.

I {
I

i
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Since the limiting mechanise: of light-generated current is

in the bulk, improvements will follow if the sources of

recombination in the bulk are eliminated. Several experiments

were performed to evaluate the usefulness of a 10000C back-side

damage-gettering heat-treatment for removing minority-carrier

lifetime-killing impurities fr.m the bulk. At present, no

improvement in minority-carrier lifetime has been observed. The

photoconductivity decay time conatant, which is related to the

minority-carrier lifetime,	 systematically and significantly

degraded by longer hem` treatments at 1000 0C in flowing

nitrogen.	 There appear- `o be a minority-carrier lifetime-

killing mechanism, :pacific to large-grain polycrystalline

silicon, that is activated by the high temperatures present in

the particular damage-gettering heat treatments that were used.
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ABSTRACT

Performance-limiting mechanisms in polycrystalline

silicon were investigated by fabricating a matrix of 4cm2
eolar cells of various thicknesses from 10cm x 10cm
polycrystalline silicon wafers of several bulk
resistivities. The analysis of the results of this matrix

indicates that bulk recombination is the dominant factor

limiting the short-circuit current in large-grain (greater

than 1 to 2 mm in diameter) polycrystalline silicon, the
same mechanism that limits the short-circuit current in
single-crystal silicon. The average open-circuit voltage

of the polycrystalline cells is 30 to 70 mV lower than

that of the single-crystal (control) cells; the fill-
factor is comparable.	 Both open-circuit voltage and
fill-factor have substantial scatter which is not related
to thickness or resistivity. This implies that these
parameters are sensitive to an additional mechanism which

is probably spatial in nature since the cell position on

the wafer was not controlled.

1.	 Introduction

Over the past several years, a number of forms of polycrystalline

silicon material have become available for use in fabricating

photovoltaic devices. Whether sheet material cut from a cast ingot
(Wacker Silso, Semix UCP, or Crystal Systems HEM) or ribbon material
(Westinghouse WEB, Mobil EFG, or Solavolt RTR), all suffer to some
extent from degradation of their performance, as compared to single-

crystal silicon, when used to fabricate large-area (greater than 1

cm ) solar cells (1-4). In most cases the performance-limiting

mechanisms are assumed to be structurally-related, due to the poly-
crystalline nature of most of these materials. However, recent work
has indicated that not all grain boundaries contribute to the
performance degradation (5,6). Only those grain boundaries, and
subgrain boundaries, which have a high dislocation content cause
losses in performance (7,8).
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The pur%ose of this work is to investigate the performance-
limiting mechanisms in large-grain (greater than 1 to 2 mri in
diameter) polycrystalline silicon. 	 For solar cells fabricated from

C single-crystal silicon, the short-circuit current is sensitive to
thickness and to minority carrier diffusion length, which tends to
decrease as the resistivity decreases. The open-circuit voltage and
the fill-factor of solar cells with a back surface field are
relatively insensitive to thickness. However, the open-circuit

voltage will increase as the base resistivity decreases (9). These
relationships in large-grain polycrystalline silicon were tested by

fabricating a statistically significant number of 4cm2 solar cells
from a selecticn of 10cm x 10cm wafers which had various resistivities

i and thicknesses. The performance of these polycrystalline cells was

compared to that of co-processed single-crystal control cells of

similar thicknesa and resistivity in order to determine the loss
mechanisms that are unique to polycrystalline silicon.

2. Experimental

The performance-limiting mechanisms in polycrystalline silicon

were investigated by fabricating a matrix of 4cm 2 solar cells of
various thicknesses from polycrystalline P-type silicon wafers of

Iseveral resistivities as supplied by Semix, Inc.

A high-efficiency process was used to fabricate the cells; the

process sequence is shown in Figure 1 (10). The wafers were thinned
to the nominal thickness - 100, 150, 200, 250 and 300 microns - using

a CP-type etch; then diffused with phosphorus to form a thin N+ layer
and junction on both sides. T',e nominal surface resistivity was 70

I^	 ohms/O. The rear junction was compensated by aluminum alloy to form a
thick P+ back surface field (BSF).	 Front and rear contacts were
Ti/Pd/Ag;	 the front pattern was defined photolithographically.
Finally, the wafers were sawn into 2cm x 2cm cells, and a Ta205
anti-reflection coating was applied. For each group of wafers,

single-crystal control wafers of similar thickness and resistivity

were included to monitor the process.

The current-voltage (I-V) characteristics - short-circuit
current, open-circuit voltage, maximum power, and fill-factor - of all
solar cells were measured under AMO, 135 mW/cm 2 , 250C conditions.

3. Results and Discussion

Table 1 shows the number of 4cm2 polycrystalline solar cells for

l_	

each thickness and resistivity category by lot number.	 The

l	 resistivity of the polycrystalline silicon wafers fell into three

ranges:	 "low resistivity", 0.5 to 0.6 ohm-cm; "medium resistivity",

G

1.0 t) 1.9 ohm-cm; and "high r!s.4stivity", 4.2 to 6.5 ohm-ca.

0
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The variation of short-circuit current with thickness and

resistivity is shown in Table 2. The short -circuit current of the

polycrystalline cells decreases as the resistivity decreases, just as
It does with single -crystal ( control) cells, as shown in Table 3. The

dependence of the short -circuit current of the single -crystal cells on

resistivity is attributed to the dependence of the minority carrier

diffusion length on the dopant concentration. This behavior, though
not well understood, is at least well known for Czochralski single-

crystal silicon ( 11,12 , 13). The variation of the short -circuit
current of the single-crystal cells with base thickness is also
related to minority carrier diffusion length. If the base width is

less than the minority carrier diffusion length, then nearly all of
the carriers that are photogenerated will be collected; as the base
width increases, the amount of light absorbed and the short -circuit
current also increase. The short -circuit current will continue to
increase with cell thickness until the base width is approximately

equal to the minority carrier diffusion length. When the base width

is greater than the minority carrier diffusion length, even though

Id additional carriers may be generated deeper in the bulk they will not
be collected. Therefore, at some base thickness approximately equal
to the minority carrier diffusion length, the short -circuit will
saturate. This current saturation is clearl y seen for the sinale-

crystal ( control) cells. For earl lot of wafers, the short -circuit

current increases with cell thick less until it saturates. As the
resistivity increases, and therefi re the minority -carrier diffusion
length increases, the cell thicl ness at which the short -circuit

current saturates also increases. This behavior, though less clearly

seen, is nevertheless also preset t for the polycrystalline cells.

However, the short -circuit curre it of all polycrystalline cells
appears to have saturated for c 41 thicknesses greater than 150
microns. This fact, together with the short -circuit currents for the
polycrystalline cells being five t > ten percent lower than those of

single crystal cells of similar resistivity, indicates that the
minority carrier diffusion length )f the polycrystalline material is

less than that of the single-crystal silicon wafers.

It does not appear that the reduced short-circuit currents are
the result of recombination at the grain boundaries. If this were the

case, then there 0,ould be even more scatter in the data since no

attempt was made t o control the grain size, which varied from about 1
to 10 mm in diameter. With the exception of the cells from Lot 1, the

scatter in the short -circuit current of the polycrystalline cells is
equivalent to that of the single -crystal control cells, that is, three

to four percent. This result is consistent with the previous work -
both theoretical and experimental - which shows that the light-

generated current is not substantially affected by recombination at
L;	 the grain boundaries when the grain diameter is several times larger

than the minority carrier diffusion length (14,15). For a diffusion

Q	

length of 100 to 150 microns, as inaicated by the behavior of the
short-circuit current with thickness and resistivity, this dimension
woul,i be on the order of 1 to 2 mm. In most present examples of cast
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polycrystalline silicon (Semix, Wacker, HEM) the grain size is
consistently equal to or greater than this dimension. Hence, the

short-circuit current of these materials should be dominated by bulk

r'	 properties, rather than grain boundary recombination.	 This also

l- implies that forming polycrystalline silicon with grain diameters
larger than several minority ce:rier diffusion lengths will not result

in any substantial increase in short-circuit current. Impro , iements in

j the shor n-circuit current of large-grain polycrystalline silicon, at
most five to ten percent, will be mainly due to elimination of the
sources of recombination in the bulk.

The re ptults for the open-circuit voltage of the po lycrystalline
cells in the thickness -resistivity matrix are shown in Table 4.
Although there is some indication that the open-circuit voltage
Increases as the resistivity decreases, it is very difficult to

conclude that dopant concentration is the dominant factor because the
scatter in the data ranges from less than one percent to more than
twelve percent. Likewise, it is difficult to establish any clear
dependence of open-circuit voltage on thickness, though in some lots

the thinner cells did have slightly higher values o^ open -circuit
voltage.

For comparison, Table 5 gives the results of the open-circuit

i voltage of the single-crystal ( control) cells. As expected, the
open-circuit voltage increases as the resistivity decreases and,
because of the back surface field, is not very sensitive to

thickness.	 The average open-circuit voltage of the single -crystal
cells 14 30 to 70 mV greater than that of the polycrystalline cells in

the same thickness -resistivity category. For most single-crystal
control groupc the scatter is within 10 mV of the mean, that is, less

than two percent. In the worst case the scatter is about five percent
of the mean. Hence, the scatter in the open-circuit %oltage of the
polycrystalline cells is significantly greater than that of the
single -crystal ( control) cells.

Most of the thickness -resistivity groups of polycrystalline cells
which showed very large amounts of open-circuit voltage scatter also
had a very high average shunt conductance, as shown by the shunt

conductance data in Table 6. In these groups the low open -circuit
voltage, and also the scatter, were most likely the direct result of
excessiVF shunt conductance. However, one group, the 150 micron thick

cells of Is: 2, had shunt conductances which could in no way account
for the tow average or the scatter in the open-circuit voltage. In
addition, polycrystalline cells with moderate amounts of open-circuit

voltage scatter (+5 to +20 mV) invariably had shunt conductances that
were so low as to have no significant effect on the open -circuit
voltage.

C
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The low average open-circuit voltage (30 to 70 mV lower than
single-crystal control cells) and the scatter in the open-circuit
voltcees of the non-shunted polycrystalline cells appears to indicate
that there is a voltage-controlling mechanism, not present in the

single-crystal (control) cells, which is limiting the open-circuit

voltage.

A comparison of the fill-factor of the polycrystalline cells to
that of the single-crystal (control) cells is shown in Table 7. As

with the open-circuit voltage, most of the groups with large amounts

of scatter were also badly shunted; the shunts were very likely the

+use of the low fill-factors as well as the low open-circuit
voltages. The average fill-factor of most of the groups of non-
shunted polycrystalline cells were not significantly different from
th- •. of the single-crystal (control) cells. However, the fill-factor

of four polycrystalline groups (Lot 6 - 250 microns; Lot 2- 150
microns; and Lot 3 - 150 and 200 microns) was much lower than that of
their single-crystal controls, and not because of shunting. This
indicates that, while there does not appear to be any fundamental
limit to fill-factor in large-grain polycrystalline silicon, there is

a mechanism, not present in single crystal silicon, which can reduce

the fill-factor in some polycrystalline samples.

4.	 Conclusions

Analysis of the results of the thickness-resistivity matrix
indicates that the short-circuit current of large-grain (greater than
1 to 2 mm in diameter) polycrystalline silicon is dominated by
recombination of photogenerated minority carriers in the bulk, as
opposed to recombination at the grain boundaries. This result is in

agreement with previous theoretical and experimental results which

indicate that the light-generated current is not substantially
affected by recombination at the grain boundaries when the grain
diameter is several times larger than the minority carrier diffusion
length. However, it also implies that significant improvements in the

short-circuit current of large-grain polycrystalline silicon will be

mainly due to elimination of sources of recombination in the bulk.

Both the open-circuit voltage and fill-factor of the
polycrystalline solar cells in the thickness-resistivity matrix had

substantial amounts of scatter which were not related to the mair.
experimental var^dbles - thickness and bulk resistivity. The scatter

I in the values of open-circuit voltag and fill-factor implies that
ttiere Is an additional performance-limiting mechanism which may not be
strungly associated with bulk ptoperties. The degradation of these
parameters appears to have a spatial nature and to be related to the

U	
grain structure since the grain boundary content of any particular
cell on a wafer was not controlled.
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FIGURE 1.	 THICKNESS-RESISTIVITY MATRIX TEST CE',L PROCESS SEQUENCE

1. Thinning Etch: CP-type,	 final	 thicknesses:	 100,

150, 200, 250, 300 microns.

f2. Diffusion: Phosphine, tube diffusion; 70-80 ohms/b.

3. BSF: Englehard	 A-3484	 aluminum	 paste,	 tube

alloy,	 30	 seconds	 at	 8500c;	 HC1

post-alloy etch.

+ 4. Front Metallization: Evaporated	 Ti/Pd	 contacts,
photolithographically defined.

5. Rear Metallization: Evaporated Ti/Pd contacts.

6. Electroplate Silver Conductor

7. AR Coating Evaporated Ta205

Table 1. Sample size for 4cm 2 , polycrystalline silicon, AR-coated
scar cells, by lot.

THICKNESS SAM)

RE313TIVITT

LOT NO.	 100	 ISO	 200	 250	 300 (OHM-CM)

LOW RESISTIVITY 6 20 26 20 0.4 - 0.6

1 6 20 19 1.3 - 1.7

MEDIUM RESISTIVITY 2 5 12 13 19 1.0 - 1.9

7 9 14 11 a 1.2 - 1.8

HIGi RESISTIVITY 3 5 9	 I 19 5.5 - 6.5

5 10 to 22 4.2 - 6.2

Nl11BER Of 4CM2 . AR-COATED POLYCRYSTALLINE CELLS IN EACH THICKNESS-RESISTIVITY CATEGORY.

BY LOT.
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Table 2. Short-circuit current of polycrystalline silicon solar cells.

r

	

THICKNESS (pM)

LOT NO. 100	 150	 200	 250	 300

LOW RESISTIVITY 6 126 (4) 127 (4) 127 (4)

MEDIUM RESISTIVITY

1

2

7 143 (2)

132 (6)

132 (2)

146 (2)

128(16)

127 (3)

140 (3)

126(15)

135 (7)

142 (2)

131	 (5)

HIGH RESISTIVITY 3

5

141	 (3) 141	 (2)

145 (4)

143 (2)

147	 (5) 146 (6)

MEAN (STANDI

Table 3. S

LOW RESIS'

MEDIUM RE

HIGH RESI

1!
r



100	 150	 200	 250	 300 (OHM-CM)

LOW RESISTIVITY 601 (4) bO7 (4) 602 (5) 0.7

607 (4) 612 (3) 612 (6) 609 (2) 0.7

MEDIUM RESISTIVITY 601 (8) 608 (2) 606 (3) 604 (3) 606 (1) 1.7

606 (2) 559(10) 600 (9) 603 (3) 1.7

HIGH RESISTIVITY 580(15) 590 (5) $98 (3) 596 (4) 600 (3) 10-20

598 (3) 599 (2) 593(26) 13-18

602 (2) 607 (3) 601	 (5) 590(15) 10-15

MEAN (STANDARD DEVIATION ABOUT MEAN), IN MV MEASL.ED AT AMO. 13S NWlCM 2 . 250C

r

r
f

^I

Table 4. Open-circuit voltage of polycrystalline silicon solar cells.

THICKNESS ^,M)

LOT 160. 100	 150	 200	 250	 300

LOW RESISTIVITY 6 577(24) 583 (8) 580 (8)

MEDIUM RESISTIVITY 1 559 ( 5) $59(19) 559(14)

2 539(36) 538(67) 555(16) 553(11)

7 587 (4) $86 (3) 573(10) $82 (4)

HIGH RESISTIVITY 3 573 (8) 570 ( 4) $70 (5)

5 570(13) 552(30) 566(16)

MEAN (STANDARD DEVIATION ABOUT MEAN). IN MV. MEASURED AT AMO. 135 mWICM2 . 2500

Table 5. Open-circuit voltage of single-crystal silicon solar cells.

THICKNESS (0)

RESISTIVITY
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Table 6. Shunt conductance of polycrystalline silicon solar cells.

THICKNESS 5µM)

LOT NO. 100	 150	 200	 250	 300

LOW RESISTIVITY	 6 19.7(41.5) 2.49(4.59) 3.31(3.74)

MEDIUM RESISTIVITY 1 1.12(1.72) 1.59(4.58) 2.25(3.33)

2 2.47(2.11) 33.2(88.7) 26.5(51.6) 3.89(3.67)

7 0.35(0.28) 0.56(0.58) 1.69(1.18) 0.99(1.00)

HIGH RESISTIVITY	 3 21.9(27.1) 5.58(5.16) 7.50(9.81)

5 4.31(6.63) 63.7(86.1) 0.56(1.23)

MEAN (STANDARD DEVIATION ABOUT MEAN). IN MMHOS

Table 7. Comparison of the fill-factor of the polycrystalline and
single-crystal silicon solar cells.

THICKNESS (µM)

LOT NO. 1DO	 150	 2DO	 250	 300

LOW RESISTIVITY 6 68(11)' 73 (3) 71	 (5)'

80 (1) 77 (6) 79 (1)

MEDIUM RESISTIVITY 1 76 (2) 75 (2) 75 (4)

75	 (1) 76 (1) 76	 (1)

70(10) 70(14) 68(13) 74	 (3)2

80	 (1) 80 (1) 78 (2) 78 (1)

76 (1) 76	 (1) 75	 (1) 76 (2)7

76 (1) 77 (2) 1	 78	 (2) 79 (1)

HIGH RESISTIVITY 3 70 (7) 64 (4)' 64 (4)'

75 (5) 78	 (1) 77 (1)

75 (2) 64(15) 75	 (1)5

77	 (1) 77 (3) 77	 (3)

POLYCRYSTALLINE MEAN [IN 11. (STANDARD DEVIATION ABOUT MEAN (IN 11)

SINGLE CRYSTAL MEAN [IN 11. (STANDARD DEVIATION ABOUT MEAN (IN 11)

MEASURED AT AMD. 135 MW/CM2 . 2500
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