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SUMMARY



The 	 objective of this research program is to investigate the technical and economic fea­

sibility of producing solar-cell-quahty sheet silicon We plan to do this by coating one 

surface of carbonized ceramic substrates with a thin layer of large-grain polycrystal­

line silicon from the melt 

During the quarter, we demonstrated signigicant progress in several areas­

* 	 We succeeded in fabricating a 10-cm 2 cell having 9. 9 percent conversion effi­

ciency (AMI, AR) 

o 	 The Honeywell-sponsored SCIM coating development succeeded in producing 

a 225-cm 2 layer of sheet silicon (18 inches x 2 inches) 

* 	 100[im-thick coatings at pull speed of 0. 15 cm/sec were obtained, although 

approximately 50 percent of the layer exhibited dendritic growth. 

Other results and accomplishments during the quarter can be summarized as follows­

* Initial indications are that the introduction of convective cooling at the liquid­

solid interface does provide thicker, smoother coatings for a given pull rate 

* 	 The silicon carbide formation problem appearing in the production dipcoater 

was due to a leak in the argon line and has been resolved 

o 	 Unidirectional solidification occurred in layers pulled at 0 2 cm/sec in the 

production dipcoater, even though these layers were very thin (_6 Jim) 

" 	 Vitreous carbon-coated substrates obtained from Tylan Corp. were dipped and 

shipped to JPL for evaluation 

" 	 Tilting of the SCIM coater produced meniscus stability, and the long-awaited 
Hgood" layers were produced by the SCIM coater 

* 	 A total of 86 silicon-on-ceramic (SOC) solar cells were fabricated, 52 of whicn 

were AR coated. Fourteen of these cells had >9 percent conversion efficiency. 
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The 	 standard coating parameters for good cell performance are ND = 1 x 10 16* 

boron atoms/cc and a pull speed of 0.07 cm/sec. 

* 	 A 9.1 percent conversion efficiency, 4-cm 2 total area cell (AR, AMI) was fab; 
bricated on SOC material 120 [m thick pulled from the dipcoater at 0 08 cm/-sec 

* 	 Calculated values of series resistance in SOC cells indicate little effect on cell 
performance as the silicon layer gets thinner 

* 	 An LBIC scan of SCIM-coated material indicates a diffusion length of Ln 

34 ± 3 11m 

* 	 A model has been derived for loss in short-circuit current due to grain bound­
aries. The model gives reasonable values compared with LBIC data 

* 	 Mathematical modeling of unsupported symmetric and asymmetric growth was 
continued, 
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INTRODUCTION



This research program began on 21 October 1975. Its purpose is to investigate the tech­
nical and economic feasibility of producing solar-cell-quality sheet silicon by coating in­

expensive ceramic substrates with a thin layer of polycrystalline silicon The coating 

methods to be developed are directed toward a minimum-cost process for producing 

solar cells with a terrestrial conversion efficiency of 11 percent or greater 

By applying a graphite coating to one face of a ceramic substrate, molten silicon can be 
caused to wet only that graphite-coated face and produce uniform thin layers of large­

grain polycrystalline silicon; thus, only a minimal quantity of silicon is consumed A 

dip-coating method for putting silicon on ceramic (SOC) has been shown to produce solar­

cell-quality sheet silicon. This method and a continuous coating process also being 

investigated have excellent scale-up potential which offers an outstanding, cost-effective 

way to manufacture large-area solar cells The dip-coating investigation has shown that, 

as the substrate is pulled from the molten silicon, crystallization continues to occur 

from previously grown silicon. Therefore, as the substrate length is increased (as 
would by the case in a scaled-up process), the expectancy for larger crystallites in­

creases



A variety of ceramic materials have been dip-coated with silicon The investigation has 

shown that mullite substrates containing an excess of SiO2 best match the thermal expan­
22sion coefficient of silicon and hence produce the best SOC layers With such substrates, 

smooth and uniform silicon layers 25 cm 2 in area have been achieved with single-crystal 
grains as large as 4 mm in width and several cm in length. Crystal length is limited by 

the length of the substrate The thickness of the coating and the size of the crystalline 

grains are controlled by the temperature of the melt and the rate at which the substrate 

is withdrawn from the melt 

The solar-cell potential of this SOC sheet silicon is promising To date, solar cells with 

areas from i to 10 cm 2 have been fabricated from material with an as-grown surface 

Conversion efficiencies of about 10 percent with antireflection (AR) coating have been 

achieved. Such cells typically have open-circuit voltages and short-circuit current 

densities of 0 55V and 23 mA/cm 2 , respectively 

Ths SOC solar cell is unique in that its total area is limited only by device design con­

siderations. Because it is on an insulating substrate, special consideration must be 

given to electrical contact to the base region. One method which offers considerable 
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promise is to place small slots in the substrate perpendicular to the crystalline growth 

direction and contact the base region by metallizing the silicon that is exposed through 

the slots on the back side of the substrate Smooth, continuous coatings have been ob­

tained on substrates which were slotted in the gien state prior to high-temperature 

firing The best slotted-cell results to date indicate a 10 1 percent conversion efficiency 

(AR-coated) on a 4-cm 2 (total area) cell 

Development efforts are continuing in such areas as improvement ingrowth rate, reduc­

tion of progressive melt contamination, and optimization of electrical contacts to the base 

layer of the cell The investigation has shown that mullite substrates, to a limited extent, 

dissolve in molten silicon The impurities from the substrate are believed to adversely 

affect solar-cell conversion efficiency A method for reducing substrate dissolution is 

to, reduce the contact area the substrate makes with the silicon melt. Therefore, a sili­

con coating facility, referred to as SCflVI or Silicon Coating W an Inverted Meniscus, 

has been constructed which is designed to coat large (10 cm x 100 cm) substrates in a 

continuous manner It is expected that this facility will not only improve the growth rate, 

but also minimize the silicon melt contact with the substrate. This should reduce the 

rate at which the melt becomes contaminated The facility will also permit a study of 

possible continued grain growth by accommodating the use of longer substrates It 

should also reveal problems that are likely to be encountered in a scale-up process 

This machine has succeeded in demonstrating coatings exhibiting unidirectional solidifi­

cation (desirable and occurring in dip coating) on substrates 18 inches long and 2 inches 

wide. Material characteristics indicate this material is similar in structure and purity 

to material obtained from our dip-coating facilities 



TECHNICAL DISCUSSION



SHEET SILICON GROWTH (J. D. Zook, J. D. Heaps, B. Koepke, 
L. D. Nelson, D J Sauve, 0 Harris, and H. Burke) 

Experimental Dip-Coater (B. Koepke, D. Zook, D. Sauve) 

During the past quarter, a series of runs were made with the experimental dip coater in 

an effort to improve the throughput of the coating process. Our goal this year is to pro­

duce smooth, 100 gm-thick nondendritic coatings at a solidification rate of 0.3 cm/sec. 

Most of the runs were made with cooling shoes positioned near the liquid-solid interface 

The shoes were water-cooled and had argon gas flowing through them onto the front and/ 

or back sides of the substrate. Figure 1 shows the geometry of the gas jets in each shoe 

In one case (shoe I), the gas flows out parallel to the long direction of the shoe and im­

pinges on the substrate at an angle as shown in the Figure 1. In the other case (shoe II), 

the gas flow is perpendicular to the substrate surface. This difference might be of some 

significance in view of the high meniscus below the liquid solid interface. Shoe I can be 

used to cool the back side of the substrate below the liquid-solid interface as shown in 

Figure 1. As noted in Quarterly Report No. 11, both cooling shoes can be moved in the 

x and y directions without having to open the system during a run, thereby giving con­

siderable flexibility to the cooling supplied near the liquLd-solid interface. 

Results 

Results will be discussed with respect to each run A run refers to the substrates dipped 

during a single day. Typically, 10 to 12 substrates are coated during a run, 

Run 429 (All Unslotted Substrates) -- The pull rate was fixed at 0. 2 cm/sec. With no 

cooling, the coating was 75 percent dendritic and the smooth sections were 10 to 20 jim 

thick. With front and back shoes in place, the coatings were still mostly dendritic. The 

thickness of the smooth portions increased from 10 to 25 pLm as the gas flow increased. 

Run 430 (All Unslotted Substrates) -- Substrates were mostly coated at 0. 1 cm/sec with 

only shoe II (see Figure 1) in place. The coatings were about 100 jim thick and varied in 

thickness across the width of the substrate. The thicker regions corresponded to areas 

that were closest to the gas jets. When the pull rate was increased to 0. 2 cm/sec, the 

coatings were smooth and the thickness decreased to 25 im but still had the vertical 
"istripes" corresponding to where each gas jet impinged on the substrate. 
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SI COATING



SUBSTRATE 	 x



MELT 

Figure 1. 	 Schematic Showing Different Gas Flow Pattern of 
Each Cooling Shoe. The arrows show the expected 
flow directions. 

An interesting substrate dipped during this run deserves mention. The pull rate was 

0. 1 cm/sec and cooling shoe I only was used. The gas was turned on after one-third of 

the substrate was coated. Before the gas was turned on, a smooth, 50 km-thick coating 

formed. After the gas was turned on, a coating (with vertical "stripes") formed that 

was partly dendritC and 125 I~m thick in the thickest regions. This substrate (430-6) is 

shown in Figure 2. This was the thickest coating obtained at the time at 0. 1 cm/sec. 

Run 431 (All Unslotted Substrates) -- During this run, cooling shoe II only was used and 

the pull rate was steadily increased from 0,05 to 0. 2 cm/sec. The coatings were 

typically 20 percent dendritic and the smooth regions had nominal thicknesses of 100 Lm 

at 0. 1 cm/sec, 50 Lm at 0. 125 cm/sec, and 15 jum at 0. 15 to 0.2 cm/sec. -

In each dip, the gas was turned on after one-third of the substrate had been coated, and 

the speed was.increased only after the gas was on. In every case, when the gas was 

turned on at 0 05 cm/sec, the smooth coating remained smooth and increased in thick­

ness. The thLckness then decreased as the pull speed increased We conclude from 

these runs 	 that gas cooling can definitely increase the thickness of the coating. 
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Figure 2. 	 Photograph of Substrate Coated at 0. 1 cm/sec
with Gas Flowing Through Cooling Shoe Directedq-I0 m 

U 
at Front Side of Substrate. The vertical stripes
correspond to where the gas jets impinge on the 
substrate, The gas was turned on after one-third 
of the substrate had been coated.CvvA 

OF£C 
Run 432 (Slotted Substrates) -- During this run, slotted substrates were used to moreIU %conditions used on material fabricated into cells. At pull closely match the Cooling

rates of 0, 1 cm/see with shoe 11 on the front side, smooth coatings turned partially 
dendritic when the gas was turned on and the smooth regions of the coatings never ex­
ceeded 75 Lm in thickness, 

Run 433 (Slotted Substrates) -- In this run, only shoe 11 was used on the back side of the 
substrate. In most cases, the slots did not completely Coat at any of the gas flow rates 

used. 

Run 434 (Unslotted Substrates) -- Severe cracking problems were encountered and only 
thin (25 to 50 gm) coatings were produced. The origin of the cracking is not understood. 

Run 435 (Slotted and Unslotted Substraes) -- Shoe 11 was directed at the back side of the 
substrate. The pull rate was 0. 1 cm/see and most of the coatings were at least 50 per­
cent dendritic. The'-thckest smooth portion of a coating that was produced was only 



Run 436 (Slotted Substrates) -- This was a demonstration run for the Chief Executive 

Officer of Honeywell. All coating was carried out at 0.05 cm/sec with no cooling. The 

coatings were all smooth and had thicknesses ranging from 200 to 300 tim. 

Run 437 (Slotted Substrates) -- During this run, a passive "afterheater" was installed to 

alleviate the substrate cracking problem. The heater consisted of a mullite tube sus­

pended over the melt. It was supposed that the tube, heated by radiation from the crucible 

heater and melt surface, would both preheat the substrate and decrease the temperature 

gradient above the melt to minimize cracking during coating. With shoe I directed at the 

front of the substrates, the substrates shattered when the gas was turned on. 

Run 438 (Slotted Substrates) -- In this run, a passive "afterheater" made of graphite was 

used. The graphite tube was set directly on the heat shield surrounding the heater to 

allow heating of the afterheater by both conduction and radiation. With shoe I directed at 

the back side of the substrate, runs were made at a pull rate of 0. 1 cm/sec at a number 

of gas flows and the substrates did not crack; on the other hand, the coating thickness 

never exceeded 75 tm. 

Run 439 (Slotted Substrates) -- In this run, the passive graphite afterheater was again 

used with shoe I directed at the back of the substrate. Cracking was not observed and the 

best results to date were observed. These results are listed in Table 1. 

Table 1. Coating Data for Run 439



Substrate (No. of turns of Thickness Dendrites
I(cm/sec) as valve) (ins) (%) (%)



1 CKH 0.05 0 500 0 100 

2 CKH 0.1 0 100 80 100 

3 CKH 0. 2 0 * 100 100 

4 CKH 0.1 4 25 40 50 

5CKH 0.15 4 40 to 50 30 30 

6 CKH 0.15 8 80 50 2 open slots 

7 CKH 0.15 12 50 to 125 50 4 open slots 

8 CKH 0. 15 16 40 to 60 50 3 open slots 

*No smooth regions to measure thickness. 
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Substrates No. 7 and 8 CKH warrant discussion. First, the 125 rn-thick regions on the 
smooth portions of No. 7 CKH (shown in Figure 3) are the thickest smooth coatings pro­

duced to date. Second, both substrates exhibited horizontal variations in thickness 
corresponding to the positions of the gas jets in the cooling shoe. Finally, it is inter­
esting to note that the thickness decreased as the gas flow rate increased, implying that 
heat transfer (or other factors) may be optimum at intermediate flow rates. 

Figure 3. 	 Photograph of Substrate Coated at 0. 15 cm/sec with 
Passive Graphite Afterheater in Place and Cooling 
Jets Directed at the Back Side of the Substrate. The 
vertical stripes correspond to where the cooling jets 
impinged on the substrate. The thicker regions are 
125 Lm thick. 

Run 440 (Slotted Substrates) -- There was another demonstration run and cooling shoes 
were not used. 

This work is continuing. It is realized that an active afterheater will be necessary to 
prevent fracture of the substrates. A graphite resistance heater designed by D. Heaps 
is currently being installed in the system and will shortly be in operation. The heater 

will be powered by uDregulated a-c current through a stepdown transformer. If the 
afterheater is successful, a series of runs will be made in which the gas pressure 
through the 	 shoes will be systematically varied. It is premature to consider optimizing 

the number 	 or position of the shoes with respect to the liquid-solid interface. The melt 

temperature, to date, has been fixed at that temperature yielding thick, smooth coatings 
at 0.05 cm/sec with no cooling. In the next phase of this study, the melt temperature 

will be varied. 
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Dip-Coating Production (D, Zook and V. Harris) 

During the quarter, the production dip-coating system produced SOC material under a 
variety of conditions as well as "standard" material for cell fabrication studies. The 
run numbers and relevant data are summarized in Table 2. 

The six runs listed first in Table 2 were done under standard conditions of doping and 
growth speed. Various system procedures were changed, however, in an attempt to 
prevent the formation of SiC particles on the melt surface. For example, run number 

426 was a production-type run performed in the experimental dip coater to see if SiC 

appeared in that system after a large number of dips. For run number 179, the SiC 
problem was resolved. It was due to a leak in the packing seal of a valve in the argon 
line. The valve was seating properly so that there was no leak at zero or low flow rates, 

but only at the normal flow rate during dipping. 

The mechanism of SiC formation is very likely that discussed in the recent article by


et al: 1



Schmid, 

2Si + CO - SiC + SiO 

This reaction will proceed if the pressure of CO is 7 percent of the pressure of SiO or 
greater. The pressure of SiO is probably a few torr in the vicinity of the melt due to 
dissolution of the silica crucible. The CO was formed from the 02 leak by reaction with 

the graphite heaters. From Schmid's argument, some SiC will always form, but we do 
not see it on the melt, except in the case of an air leak. Normally, it is presumably 
carried away by the substrate, trapped at the silicon-carbon interface, and should there­

fore not be a problem even in 24-hour operation of an SOC coating process. 

Runs 179 through 185 were designed to cover a wide range of dopings and thicknesses. 
By varying the speed from 0.06 to 0. 08 cm/sec, the thickness varies from 240 Lm to 
100 Lm. These are not the maximum thicknesses at those speeds, but are typical when 
the melt temperature is adjusted to completely avoid dendritic growth and therefore give 
maximum yield. 

Run 186 was dedicated to evaluation of slotted substrates coated with vitreous carbon by 
Tylan, using a low-cost process that they developed under JPL funding. Unfortunately, 
there was some carbon on the inner edges of the slots, and we have always observed that 
this perturbs the growth. In retrospect, if those substrates had been coated at very slow 
speeds, they might have yielded good layers. The substrates have all been shipped to 

JPL for evaluation. 
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Table 2. Dip-Coating Production During Second Quarter 1979 

Run Dopant LevelNumber (1016 boron/cm3 ) 

174 2.3 

426 2.3 

175 2.3 

176 2.3 

177 2.3 

178 2.3 

179 0.47 

180 0.93 

181 0.93 

182 4.7 

183 1.4 

184 0.23 

185 0.23 

186 2.3 

187 2.3 

188 0. 23 

189 2.3 

190 0.93 

191 0.93 

192 0.93 

193 0.93 

Growth Speeds(cmfsec) 

0.06 

0.06 

0.06 

0.06 

0.06 

0.06 

0.06, 0.07, 0.08 

0.06, 0.07, 0.08 

0.06, 0.07, 0.08 

0.06, 0.07, 0.08 

0.06, 0.07, 0.08 

0.06, 0.07, 0.08 

0.06, 0.07, 0.08 

0. 06 

0.06 

0.06 

0.06 to 0.20 

0.07 to 0. 20 

0. 07 to 0. 10 

0.07 

0.07 

NumberDipped 

13 

17 

17 

12 

10 

15 

15 

10 

27 

14 

12 

21 

25 

11 

16 

9 

16 , 

32 

12 

15 

CommentsCoIments



"Standard" conditions, 
good yield. 

No SiC formation in exper­
imental system. 

SiC after No. 10.



SiC after No. 8.



SiC after No. 8.



SiC after No. 7. New heater


shield leak corrected; no


SiC formation.



Vitreous carbon (Vitregraph). 

5 + soak + 5. 

Dag experiment, poor coat­
ings. 

For evaluation of very thin



material.



Dag experiment, good coat­

ings.



New "standard" conditions.



Type "N' and "(" substrates.
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Run 187 was designed to compare the effect of a long soak time with the results of long 

run (181 and 185). Five substrates were dipped in the normal way, and then one sub­

strate was soaked for 1 hour, and five more substrates were dipped. Experiments of 

this type should show whether the reaction between the silicon and the mullite passivates 

the 	 mullite to prevent diffusion of impurities. 

Run 188 was designed to see if carbon coatings can prevent melt contamination. Dag 

carbon coatings were used on both sides of unslotted substrates. Unfortunately, the 

carbon peeled off and the experiment had to be repeated. Run 191 was a repetition, 

except that the speeds were varied. 

Runs 189 and 190 were done at high dip speeds with unslotted substrates in order to 

obtain very thin material for evaluation. It is interesting that coatings at 0. 1 cm/sec 

produced material 56 ± 10 jm thick with large grain size. Grain boundary counting will 

be used to determine whether the grain size varies statistically as a function of thick­

ness (growth speed), but qualitatively, there is little difference in the structure or 

At 0. 15 cm/sec and 0.20 cm/sec, there is a definite change in appearance;grain size. 
 

the surface is definitely rougher. However, there was still good evidence of unidirect­


ional solidification and reasonably large grain size, even at speeds of 0.2 cm/see, which



gives a thickness of 6 pm in the present production system.



Continuous Coating Process (D. Heaps, L. D. Nelson, H. Burne) [Honeywell funded 
 

During the past quarter, the continuous (SCIM) coater was extensively modified. The two



most significant changes that were made were:



1) 	 A motor-driven mechanism was added which permitted tilting the coater at 

various angles up to 30 degrees above horizontal. 

2) 	 New crucible and trough heaters were added which provided superior thermal 

independence and temperature uniformity than was previously attainable. 

To date, six successful coating runs have been made with the coater tilted at a small 

angle. Smooth, shiny silicon layers were coated on 5 cm x 55 cm x 0. 1 cm mullite 

substrates (K-modification) at a coating velocity of 0.06 cm/sec. The best one of these 

this 	 substrate was for thesilicon coated substrates is shown in Figure 4. As shown, 
2

most part uniformly coated over an area of 225 cm and had a nominal thickness of 

100 	 pm. The layer consisted of large columnar silicon grains virtually identical to 

those achieved by dip coating under similar growth parameters. Preliminary minority 

carrier diffusion length (Ln) measurements made on one of these coatings indicates an 

12
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Ln value which is also similar to dip coated silicon. Due to a small, but still existing 

thermal gradient along the trough, the layers varied in thickness from one side of the 

substrate to the other side. 

....
....................



Figure 4. SOC Sheet Silicon Showing Dip-Coated 

and SCIM-Coated Substrates 

The above results are of considerable significance, since they demonstrate that by 

passing the substrate at an angle over the silicon-filled trough, the long sought after 
meniscus stability necessary to SCIM coating has been achieved. The above results also 
clearly demonstrated that the overall sheet silicon area of any single coating is limited 

only by the physical dimensions of the substrate. It was made clear, however, that 

temperature uniformity along the trough is of utmost importance. The above results 
further demonstrate that because of the similar nature of the SCIM-coated layers, all of 
our past development efforts on dip-coated layers should be applicable to the SCIM­

coated layers as well. 

As shown by Fig 5, the liquid-solid interface appears to occur along a straight line -8 mm 

downstream of the trough. This observation is based on the fact that the temperature of 

the back surface of the substrate is elevated where the substrate is in contact with molten 

silicon. The location of this interface with respect to the melt is not unlike that of dip 

13 



coating which produces a condition which is conducive to meniscus stability. To date, no 

effort has been made to optimize the coating angle 0. 

During the coming quarter, an effort will be made to correct the thermal gradient 
along the trough, making it possible to silicon coat wider substrates. We will also 

investigate effects that such coating parameters as coating angle, coating speed, sub­

strate temperature, and meniscus temperature have on layer quality. Large-area slot­
ted substrates will be ordered, and, time permitting, these substrates will also be 

coated. 

LIQUID-SOLID INTERFACE 

VISIBLY ELEVATED TEMPERATURE ZONE 

0I 

QUARTZ TROUGH 

MOLTEN SILICON 

Figure 5. Silicon Meniscus with Tilted Substrate as Observed through 
the Viewing Port of the SCIM Coater 

CELL FABRICATION AND DEVELOPMENT 
(B. Grung, T. Heisler, and S. Znameroski) 

Presently, the best 10-cm 2 SOC cell has a conversion efficiency of 9.91 percent (AM1, A R). 
The current-voltage characteristics of this cell are given in Fig 6 The cell has an 
open-circuit voltage, Voc, of 0. 56 V, a fill factor (FF) of 0. 71, a short-circuit current 
density, Jsc, of 24, 9 mA/cm 2 , and a metallization coverage of 8 percent. The latter 

two values give an active-area Jsc of 26.9 mA/cm 2 , which indicates good material 

quality. An ELH lamp was used for all measurements and the reference cell (No. TSS­
38) was calibrated by JPL. 
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6 07, and 0 08 cm/sec For the 1978 baseline cells, the standard base doping concen­

tration was 2 3 x 1016/cm 3 and the standard growth speed was 0 06 cm/sec Because 

of the results given here, the present standard base doping concentration is 1016 /c 

and the present standard growth speed is 0. 07 cm/sec 

For each of the 86 SOC cells, Table 3 lists the cell number, base doping concentration, 

growth speed, specific series resistance, base sheet resistance, and conversion effici­

encies before and after AR coating Each cell is identified by the same item number 

in Tables 3 and 4 For each cell, Table 4 lists the measured values of Isc Voc FF,, , 

Jsc' and 1, for conditions before and after AR coating Some of the data presented in 

Tables 3 and 4 are summarized in Figures 7 and 8, where the former is for conditions 

before AR coating and the latter is for conditions after Since both figure are very 

similar, we will now consider only the AR-coated results 

Figure 8 shows how the base doping concentration affects the performance of slotted SOC 

cells Figure 8(a) shows that the open-circuit voltage, Voe, increases as the base 

doping concentration NBG increases from 1015 to 10 16/m 3 and is relatively constant for 
larger values For a given value of NBGt the center of the vertical line indicates the 

average value of Voc and the length of the line is 2a, where a is the standard deviation 

Thus, for a base doping concentration of 2.3 x 1016icm 3 (which was the standard concen­

tration for the 1978 baseline cells), the average value was 0 536 V, with a standard 

deviation of 0 005 V. The solid line indicates approximately how the average value of 

Voc should vary as a function of NBG based on the data measured at the six different 

values of NBG Figure 8(b) shows that the fill factor, FF, is nearly independent of NBG 

as expected Figure 8(c) shows that, as NBG increases, the total-area short-circuit 

current density first increases to a maximum value of 24 6 mA/cm 2 and then decreases 

The maximum value occurs for a HBG value of 10 1 6 /cm 3 , which is the present standard 

base doping concentration Figure 8(d) shows that the conversion efficiency, TI. also has 

a maximum value for the same value of NBG 

Effects of Growth Velocity on Cell Performance 

Figure 9 shows the current-voltage characteristics of cell number 179-9-102, which was 

fabricated from SOC material grown at velocity of 0 08 cm/sec As indicated, the cell 

has a total-area (4 cm 2 ) conversion efficiency of 9 08 percent (AMI, AR) and a specific 

series resistance of 1 0 fl-cm 2 These two performance values are consistent with the 

typical values measured for the 1978 baseline cells, indicating that the production dip­

coating system can produce good quality SOC material at a growth speed of 0. 08 cm/sec. 

At this speed the silicon thickness is about 120 gim. 
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Table 3. 	 Conversion Efficiencies and Other Characteristics of Recent 
Slotted-Substrate SOC Cells 

Total Area 
Cell P-type Dip RA Base Conversion Efficiencies 

Number Doping Speed Product Sheet Before AR After AR 
(atons/cc) (cm/sec) (ohms-sq cn)Resistance (z) (M) 

item .......................................................................... 
1 182 - 8-101 4.7e+016 0.08 1.5 49 5.35 
2 182 - 8-202 4.7e+016 0.08 1.0 49 5.88 
3 182 -11-101 4.7e+016 0.07 1.4 31 5.37 7.89 
4 182 -11-202 4.7e+016 0.07 1.0 31 5.52 7.67 
5- 182 -10-101 4.7e+016 0.06 1.1 21 6.05 8.54 
6 182 -10-202 4.7e+016 0.06 0.8 21 5.34 8.16 
7 178 -14-102 2.3e+016 0.07 2.0 50 4.4? 6.54 
8 178 -14-201 2.3e+016 0.07 1.4 50 5.06 7.43 
9 165 - 1-101 2.3e+016 0.06 107 5.42 7.85 

10 165 - 1-202 2.3e+016 0.06 107 5.51 8.06


II 165 -14-103 2.3e+016 0.06 43 5.42 8.16


12 166 - 6-101 2.3e+016 0.06 0.7 73 4.11


13 166 - 6-202 2.3e+016 0.06 73 6.99 9.80


14 166 -10-101 2.3e+016 0.06 63 6.10 8.73


15 166 -10-202 2.3e+016 0.06 63 6.63 9.35


is 166 -15-101 2.3e+016 0.06 0.7 43 4.89


17 166 -15-202 2.3e+016 0.06 1.1 43 6.34 8.93


18 167 - 5-102 2.3e+016 0.06 0.8 118 5.01


19 167 - 5-201 2.3e+016 0.06 1.2 118 4.o3 
20 167 - 5-302 2.3e+016 0.06 1.0 118 6.06 
21 167 -10-101 2.3e+016 0.06 75 5.99 8.25 
22 167 -10-202 2.3e+016 0.06 75 6.12 8.4, 
23 167 -12-102 2.3e+016 0.06 0.8 94 6.69 
24 167 -13-102 2.3e+016 0.06 1.0 88 4.78 
25 168 - 8-101 2.3e+016 0.06 46 6.50 9.21 
26 168 - 8-202 2.3e+016 0.06 46 5.20 7.49 
27 168 - 9-102 2.3e+016 0.06 0.7 51 7.06 9.57 
28 168 -11-102 2.3e+016 0.06 0.9 80 5.56 
29 168 -11-201 2.3e+016 0.06 1.3 80 5.76 
30 168 -12-101 2.3e+016 0.06 65 6.36 9.14 
31 168 -12-202 2.3e+,016 0.06 0.8 65 5.43 7.88 
32 16 - 2-103 2.3e+016 0.06 1.6 63 6.42 
33 16? - 3-103 2.3et016 0.06 0.8 54 6.67 9.11. 
34 169 - 5-101 2.3e+016 0.O 1.2 73 5.56 
35 169 - 5-202 2.3e+016 0.06 1.1 73 6.14 
36 169 - 6-102 2.3e 016 0.06 0.7 50 6.25 8.80 
37 169 - 6-201 2.3e+016 0.06 1.1 50 6.14 8.82 
38 170 - 1-102 2.3e.016 0.06 1.0 103 6.43 
39 170 - 8-202 2.3e+016 0.06 0.8 36 6.69 9.30 
40 170 - 9-103 2.3e+016 0.06 0.9 58 6.27 
41 171 -13-103 ,2.3e+016 0.06 1.2 61 6.32 
42 175 - 4-103 2.3e+016 0.06 1.6 38 6.03 8.84 
43 175 - 6-102 2.3e+016 0.06 1.1 41 7.15 
44 175 - 6-201 2.3e+016 0.06 1.4 41 6.18 
45 175 - 8-101 2.3e+016 0.06 1.0 55 6.66 
46 175 - 8-202 2.3e+016 0.06 0.7 55 3.91


47 175 -12-101 2.3e+016 0.06 0.9 73 6.91


48 175 -12-202 2.3e+016 0.06 0.6 73 5.67
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Table 3 Conversion Efficiencies and Other Characteristics of Recent 
Slotted-Substrate SOC Cells (Concluded) 

Total Area 
Cell P-type Dip RA Base Conversion Efficiencies 

Number Doping Speed Product Sheet Before AR After AR 
(atenos/cc) (c/sec) (ohms-sq cn)Resistance (Z) 1M1 

iten 
49 175 -13-103 2.3e+016 0.06 0.9 32 5.82 
50 176 - 3-102 2.3e+016 "0.06 0.7 51 7.26 
51 176 - 3-201 2.3e+016 0.06 0.9 51 6.09 
52 176 - 5-103 2.3e+016 0.06 1.2 54 6.73 9.91 
53 176 - 7-103 2.3e+016 0.06 1.0 52 5.86 
54 178 -13-102 2.3e+016 0.06 0.8 46 5.48 
55 178 -13-201 2.3e+016 0;06 0.7 46 5.30 
56 426 - 3-101 2.3ef016 0.06 1.1 54 5.44 
57 426 - 3-202 2.3e+016 0.06 0.5 54 4.6? 
58 426 - 4-103 2.3e+016 0.06 0.9 67 6.48 
59 183 - 6-102 1.4e+016 0.08 2.3 114 5.58 
60 183 - 6-201 1.4e+016 0.08 8.0 114 5.36 
61 183 - 5-102 1.4e+016 0.07 1.6 96 6.89 9.33 
62 183 - 5-201 1.4e+016 0.07 3.7 96 6.79 9.24 
63 183 - 7-102 l.4e+016 0.06 2.1 68 6.8? 9.58 
64 183 -,7-201 1.4e+016 0.06 2.3 68 6.41 8.90 
65 180 - 6-201 ?.3e+015 0.08 2.3 151 5.97 8.23 
66 180 - 5-101 9.3e+015 0.07 5.2 137 6.10 0.06 
67 180 - 5-202 9.3e+015 0.07 6.1 137 6.45 8.81 
68 180 - 4-102 9.3e+015 0.06 2.2 98 7.09 9.53 
69 180 - 4-201 9.3e+015 0.06 3.7 98 6.24 8.42 
70 179 - 9-102 4.7e+015 0.08 1.0 160 6.50 9.08 
71 179 - 9-201 4.7e+015 0.08 2.5 160 6.35 8.93 
72 179 -15-102 4.7e+015 0.08 7.6 170 4.37 6.24 
73 179 - 4-102 4.7e+015 0.07 1.6 291 6.63 8.58 
74 17? - 4-201 4.7e+015 0.07 1.3 291 6.78 9.55 
75 179 -14-102 4.7e+015 0.07 2.3 156 5.77 7.40 
76 179 -14-201 4.7e+015 0.07 7.1 156 5.87 7.85 
77 179 - 3-102 4.7et015 0.06 1.7 303 6.72 8.96 
78 179 - 3-201 4.7e+015 0.06 1.7 303 6.70 8.88 
79 179 -13-102 4.7e+015 0.06 5.3 172 6.10 8.14 
80 179 -13-201 4.7e+015 0.06 5.3 172 6.39 8.60 
81 184 -12-102 2.3e+015 0.08 263 5.99 7.04 
82 184 -12-201 2.3e+015 0.08 2.1 263 5.36 7.43 
83 184 - 8-101 2.3e+015 0.07 2.0 355 5.21 7.32 
84 184 - 8-202 2.3e+015 0.07 1.8 355 5.52 8.00 
85 184 -10-102 2.3e+015 0.06 4.9 298 4.08 4.95 
86 184 -10-201 2.3e+015 0.06 3.3 298 4.99 6.26 
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Table 4. Characteristics of Recent Slotted SOC Cells and Their Corresponding 
Single-Crystal Control Cells -

Total-Area 
Cell Isc Voc Fill Jqc Eff. 

Number (MA) (V) Factor (RA/sqcn) (Z) 
item 

1 182 - 8-101-0 63.90 0.531 0.643 15.66 5.35 

2 182 - 8-202-0 63.30 0.537 0.706 15.52 5.88 

"3 182 -11-101-0 65.10 0.528 0.637 15.96 5.37 
3 182 -11-101-I 91.50 0.541 0.650 22.43 7.89 (AR) 

4 182 -11-202-0 62.50 0.532 0.677 15.32 5.52 
4 182 -11-202-1 87.10 0.545 0.659 21.35 7.67 (AR) 

5 182 -10-101-0 63.10 0.540 0.724 15.42 6.05 
5 182 -10-101-I 88.20 0.554 0.713 21.62 8.54 (AR) 

6 182 -10-202-0 63.90 0.533 0.640 15.66 5.34 
6 192 -10-202-I 92.60 0.550 0.654 22.70 8.16 (AR) 

7 178 -14-102-0 63.80 0.489 0.597 15.64 4.49 
7 178 -14-102-1 92.30 0.505 0.572 22.62 6.54 (AR) 

8 178 -14-201-0 65.50 0.519 0.608 16.05 5.06 
8 170 -14-201-1 93.50 0.529 0.613 22.92 7.43 (AR) 

9 165 - 1-101-0 69.00 0.518 0.619 16.91 5.42 
9 165 - 1-101-1 94.30 0.538 0.631 23.11 7.85 (AR) 

10 165 - 1-202-0 69.70 0.525 0.614 17.08 5.51 
10 165 - 1-202-1 95.10 0.547 0.632 23.31 8.06 (AR) 

11 165 -14-103-0 162.10 0.527 0.634 16.21 5.42 
11 165 -14-103-1 229.00 0.550 0.648 22.90 8.16 (AR) 

12 166 - 6-101-0 68.90 0.506 0.481 16.8? 4.11 

13 166 - 6-202-0 70.80 0.539 0.747 17.35 6.99 
13 166 - 6-202-1 98.10 0.550 0.741 24.04 9.80 (AR) 

14 166 -10-101-0 68.40 0.531 0.685 16.76 6.10 

14 166 -10-101-1 94.80 0.546 0.688 23.24 8.73 (AR) 

15 166 -10-202-0 69.40 0.540 0.722 17.01 6.63 
15 166 -10-202-1 97.30 0.552­ 0.710 .23.85 9.35 (AR) 

16 166 -15-101-0 66.30 0.508 0.592 16.25 4.89 

17 166 -15-202-0 69.20 0.539 0.694 16.96 6.34 
17 166 -15-202-I 95.40 0.551 0.693 23.38 8.93 (AR) 

18 167 - 5-102-0 63.10 0.527 0.614 15.47 5.01 

19 16? - 5-201-0 59.70 0.519 0.610 14.63 4.63 

20 167 - 5-302-0 65.70 0.532 0.708 16.10 6.06 

21 167 -10-101-0 68.00 0.532 0.676 16.67 5.99 
21 16? -10-101-1 92.40 0.542 0.672 22.65 8.25 (AR) 
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Table 4. Characteristics of Recent Slotted SOC Cells and Their Corresponding 
Single-Crystal Control Cells (Continued) 

Total-Area 
Cell Isc Voc Eill - Jsc -EPf-. 

Number (nA) (V) Factor (nA/sqcn) %) 
item 

22 167 -10-202-0 68.10 0.534 0.687 16.69 6.12 
22 167 -10-202-I 92.30 0.540 0.692 22.62 8.45 (AR) 

23 167 -12-102-0 69.20 0.540 0.730 16.96 6.69 

24 167 -13-102-0 64.10 0.516 0.590 15.71 4.78 

25 168 - 8-201-0 71.10 0.540 0.691 17.43 6.50 
25 168 - 8-101-I 98.30 0.557 0.686 24.09 9.21 (AK) 

26 168 - 8-202-0 67.00 0.522 0.607 16.42 5.20 
26 168 - 8-202-1 90.00 0.540 0.629 22.06 7.49 (AR) 

27 168 - 9-102-0 71.10 0.542 0.748 17.43 7.06 
27 168 - 9-102-1 95.70 0.552 0.739 23.46 9.57 (AR) 

28 168 -11-102-0 68.40 0.521 0.637 16.77 5.56 

29 168 -11-201-0 67.10 0.531 0.659 16.45 5.76 

30 168 -12-101-0 66.40 0.535 0.730 16.28 6.36 
30 168 -12-101-1 94.00 0.542 0.732 23.04 9.14 (AR) 

31 168 -12-202-0 65.90 0.524 0.642 16.15 5.43 

31 168 -12-202-1 93.10 0.533 0.648 22.82 7.88 (AR) 

32 169 - 2-103-0 173.20 0.546 0.679 17.32 6.42 

33 169 - 3-103-0 171.60 0.542 0.717 17.16 6.67 
33 169 - 3-103-1 250.00 0.552 0.706 25.00 9.75 (AR) 

34 169 - 5-101-0 67.30 0.527 0.640 16.50 5.56 

35 169 - 5-202-0 68.10 0.537 0.685 16.69 6.14 

36 169 - 6-102-0 68.60 0.529 0.703 16.81 6.25 
36 169 - 6-102-1 94.50 0.548 0.693 23.16 8.80 (AR) 

37 169 - 6-201-0 68.00 0.532 0.693 16.67 6.14 
37 169 - 6-201-1 95.10 0.550 0.688 23.31 8.82 (AR) 

38 170 - 1-102-0 72.20 0.536L 0.678 17.70 6.43 

39 1-70 - 8-202-0 68.50 0.543 0.734 16.79 6.69 
39 170 - 8-202-1 96.40 0.552 0-718 23.63 9.36 (AR) 

40 170 - 9-103-0 168.20 0.537 0.694 16.82 6.27 

41 171 -13-103-0 168.40 0.540 0.695 16.84 6.32 

42 175 - 4-103-0 166.20 0.540 0.672 16.62 6.03 
42 175 - 4-103-1 235.00 0.551 0.683 23.50 8.84 (AR) 
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Table 4. Characteristics of Recent Slotted SOC Cells and Their Corresponding 
Single-Crystal Control Cells (Continued) 

Total-Area 
Cell Isc Voc Fill Jsc Eff. 

iten Humber (MA) (V) 
........................................................................... 

Factor (A/sqcn) (Z) 

43 175 - 6-102-0 22.40 0.547 0.737 17.74 7.15 

44 175 - 6-201-0 70.00 0.538 0.669 17.16 6.18 

45 175 - 0-101-0 71.10 - 0.540 0.708 17.43 6.66 

46 175 - 8-202-0 69.50 0.510 0.450 17.03 3.91 

47 175 -12-101-0 71.80 0.542 0.724 17.60 6.91 

48 175 -12-202-0 71.50 0.523 0.619 17.52 5.67 

49 175 -13-103-0 169.30 0.529 0.650 16.93 5.82 

50 176 - 3-102-0 72.90 0.549 0.740 17.87 7.26 

51 176 - 3-201-0 67.90 0.540 0.678 16.64 6.09 

52 176 - 5-103-0 173.20 0.543 0.716 17.32 6.73 
52 176 - 5-103-1 249.00 0.558 0.713 24.90 9.91 (AR) 

53 176 - 7-103-0 174.10 0.532 0.633 17.41 5.86 

54 178 -13-102-0 66.80 0.525 0.638 16.37 5.48 

55 178 -13-201-0 66.80 0.525 0.616 16.37 5.30 

56 426 - 3-101-0 71.20 0.514 0.606 17.45 5.44 

57 426 - 3-202-0 68.00 0.478 0.588 16.67 4.69 

58 426 - 4-103-0 172.90 0.545 0.688 17.29 6.48 

59 183 - 6-102-0 67.80 0.524 0.641 16.62 5.58 
60 183 - 6-201-0 69.30 0.527 0.599 16.99 5.36 

61 183 - 5-102-0 71.90 0.536 0.729 17.62 6.89 
61 183 - 5-102-1 99.20 0.542 0.708 24.31 9.33 (AR) 

62 183 - 5-201-0 72.50 0.540 0.708 17.77 6.79 
62 183 - 5-201-1 99.50 0.546 0.692 24.39 9.24 (AR) 

63 183 - 7-102-0 71.40 0.539 0.728 17.50 6,87 
63 183 - 7-102-I 99.70 0.547 0,717 24.44 9.58 (AR) 

64 183 - 7-201-0 69.50 0.538 0.699 17.03 6.41 
64 183 - 7-201-1 97.80 0.546 0.680 23.97 8.90 (AR) 

65 180 - 6-201-0 68.90 0.529 0.668 16.89 5.97 
65 180 - 6-201-1 96.30 0.535 0.652 23.60 8.23 (AR) 

66 180 - 5-101-0 72.60 0.537 0.638 17.79 6.10 
66 180 - 5-101-1 100.40 0.545 0.601 24.61 8.06 (AR) 
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Table 4. Characteristics of Recent Slotted SOC Cells and Their Corresponding 
Single-Crystal Control Cells (Continued) 

Total-Area 
Cell Isc- Voc F-ill Jsc EUf 

Number (MA) V) Factor (nA/sqcs) (Z) 
iteum 

67 180 - 5-202-0 74.20 0.537 0.660 18119 6.45 
67 180 - 5-202-1 103.40 0.549 0.633 25.34 8.81 (AR) 

68 180 - 4-102-0 74.30 0.536 0.726 18.21 7.09 
68 180 - 4-102-1 103.40 0.537 0.700 25.34 9.53 (AR) 

69 180 - 4-201-0 74.60 0.530 0.644 18.28 6.24 
69 180 - 4-201-1 102.00 0.533 0.627 25.20 8.42 (AR) 

70 179 - 9-102-0 71.40 0.515 0.721 17.50 6.50 
70 179 - 9-102-1 99.90 0.523 0.709 24.49 9.08 (AR) 

71 179 - 9-201-0 71.00 0.523 0.698 17.40 6.35 
71 179 - 9-201-1 100.80 0.533 0.678 24.71 8.93 AR) 

72 179 -15-102-0 65.90 0.490 0.552 16.15 4.37 

72 179 -15-102-1 94.70 0.521 0.516 23.21 6.24 (AR) 

73 179 - 4-102-0 74.40 0.514 0.707 18.24 6.63 
73 179 - 4-102-1 102.80 0.517 0.659 25.19 8.58 (AR) 

74 179 - 4-201-0 74.00 0.519 0.720 18.14 6.78 
74 179 - 4-201-1 110.20 0.519 0.681 27.01 9.55 (AR) 

75 179 -14-102-0 71.00 0.507 0.654 17.40 5.77 

75 179 -14-102-1 95.20 0.518 0.612 23.33 7.40 (AR) 

76 179 -14-201-0 71.10 0.513 0.657 17.43 5.87 
76 179 -14-201-1 97.60 0.525 0.625 23.92 7.85 (AR) 

77 179 - 3-102-0 75.00 0.515 0.710 18.38 6.72 

77 179 - 3-102-1 103.10 0.519 0.683 25.27 8.96 (AR) 

78 179 - 3-201-0 74.70 0.523 0.700 18.31 6.70 
78 179 - 3-201-I 103.70 0.525 0.655 25.42 8.88 (AR) 

79 179 -13-102-0 73.10 0.513 0.664 17.92 6.10 
79 179 -13-102-1 101.00 0.525 0.626 24.76 8.14 (AR) 

80 179 -13-201-0 74.50 0.522 0.670 18.26 6.39 
80 179 -13-201-1 102.60 0.533 0.642 25.15 8.60 (AR) 

81 184 -12-102-0 67.00 0.5-04 0.724 16.42 5.99 
81 284 -12-102-1 90.30 0.516 0.616 22.13 7.04 (AR) 

82 184 -12-201-0 65.00 0.495 0.679 15.93 5.36 
82 184 -12-201-1 90.50 0.514 0.652 22.18 7.43 (AR) 

83 184 - 8-101-0 65.80 0.490 0.659 16.13 5.21 
83 184 - 8-101-I 91.60 0.509 0.641 23.45 7.32 (AR) 
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Table 4. Characteristics of Recent Slotted SOC Cells and Their Corresponding 
Single-Crystal Control Cells (Concluded) 

Total-Area 
Cell Isc Voc Fill Jsc Eff. 

Number (WA) V) Factor (nA/sqcs) (%) 
item == = 

84 184 - 8-202-0 67.30 0.493 0.679 16.49 5.52 
84 184 - 8-202-I 97.20 0.512 0.656 23.02 8.00 (AR) 

85 184 -10-102-0 68.20 0.501 0.487 16.72 4.08 
85 184 -10-102-I 87.60 0.518 0.445 21.47 4.95 (AR) 

86 184 -10-201-0 72.70 0.492 0.570 17.82 4.99 
86 184 -10-201-1 95.30 0.504 0.532 23.36 6.26 (AR) 

(Single-Crystal) 
87 067A- 0-102-0 87.40 0.56? 0.761 21.42 9.28 

88 067A- 0-201-0 86.20 0.537 0.745 21.13 8.45 

89 067B- 0-102-0 90.10 0.560 0.744 22.06 9.19 

90 067B- 0-201-0 88.10 0.552 0.735 21.59 8.76 

91 068A- 0-102-0 85.50 0.562 0.753 20.96 8.87 

92 068A- 0-201-0 86.10 0.561 0.749 21.10 8.87 

93 QOA- 0-102-0 87.20 0.560 0.782 21.3? 9.36 

94 070A- 0-201-0 86.70 0.560 0.760 21s2 5 9.04 

95 070B- 0-102-0 87.10 0.561 0.7 0 21.35 9.10 

96 Q71A- 0-101-0 87.60 0.564 0.769 21.47 9.31 

97 071A- 0-202-0 89.80 0.566 0.770 22.01 9.59 

98 0728- 0-102-0 89.50 0.558 0.735 21.94 9.00 

99 0728- 0-201-0 87.00 0.561 0.745 21.32 8.91 

100 076A- 0-102-0 88.50 0.565 0.764 21.69 9.36 

101 079 - 0-102-0 89.30 0.558 0.765 21.89 9.35 

102 . Q80A- 0-102-0 86.00 0.561 0.765 21.08 9.05 

103 Q80B­ 0-102-0 87.00 0.565 0.773 21.32 9.31 

104 R3A - 0-102-0 86.80 0.556 0.758 21.28 8.97 

105 R3A - 0-201-0 86.30 0.551 0.755 21.15 8.80 

106 R5 - 0-102-0 90.60 0.543 0.739 22.21 8.91 

107 R6 - 0-102-0 89.10 0.543 0.659 21.84 7.82 

108 R7 - 0-102-0 88.20 0.542 0.255 21.62 8.85 
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Figure 9. 	 Current-Voltage CharacteristLcs of a Slotted 
SOC Cell Made from Material Grown at 0. 08 
cm/sec 

Calculated 	 Values of Series Resistance 

With the present trend toward reducing the base doping concentration and toward increas­

ing growth speed, the parasitic series resistance of future SOC cells will certainly be 

greater than that of present cells. Fortunately, the performance of slotted SOC cells will 

not be substantially affected by the expected values of series resistances, as will be 

demonstrated by the calculations given in this and the following sections 

The parasitic series resistance, Rp, can be divided into three components- the front 
,contact resistance, R' the silicon layer resistance, RL and the back layer resistance, 
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R L . The back contact resistance can be neglected The gront contact resistance RC is 
assumed to be given by 

S= F<t(1) 

where t is the peripheral length of the emitter metalization pattern and R1 is the specific 
contact resistance in ohms-cm An accurate value of Rz. is not known; we assume here 

that R{=0.3 ohm/cm. Thus, Rh 0 013 ohm, since -t =24 cm The front silicon 
layer resistance, RL, is given by 

S ,b' kI 

where is the front later sheet resistance in ohms/square, b' is the unit cell width, 

k Is the width of a contact finger, N' is the number of unit cells per solar cell and w 

is the width of the solar cell For a typical SOC cell, = 50 ohms/square, b' = 0 34 cm, 
k' =0.03 cm, N' =7 06, and w = 1 7 cm, given that R{= 0.108 ohm Fothe back 

layer resistance, R we use the following equation-
R _d 

RL (Nb)w [1% ( - h (3) 

Where RO is the sheet resistance of the back layer, b is the center-to-center distance 
between slots, d is the slot width, h is the thickness of the back layer, N is the number 

of slots per solar cell, and w is the width of the solar cell Thus, (Nb)w is the total 
area of the solar cell By making two assumptions, we can rewrite Equation (3) in 

terms of base doping concentration, NBG and'growth speed, v First, we assume that, 

base sheet resistivity which equals %t~h is inversely proportional to NBG Thus 

Rob = K/NBC (4) 

where K is an empirical constant. For SOC material with a base doping concentration, 

NBG' of 2 3 x 101 6 /rcm3 , PEh is about 1 f-cm, given that K = 2 3 x 1016 /cm 3 Second, 
we assume that the silicon thickness, h, is inversely proportional to the square of the 

growth velocity, v Thus, 

h = K-/v 2 (5) 

where K- is an empirical constant For a growth speed of 0. 06 cm/sec, h is about 

10 - 5 3200 pmC Thus K- is about 7 2 x cmr For a typical SOC cell, b = 0 25 cm, 
d = 0 1 cm, and (Nb)w = 4.08 cm 2 , so that equations (3) and (4) combine to give 
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1.49 x10 1 3  	 - 6 6.91x 1		 (L NBG 	 v 

Because the total parasitic, Rp, equals R' + R' L + RL, the specific s-eties resistance, 

RpA, is given by 

RpA = 0. 494 + 6.07 x 1013 2 6 
NBG 

6.91 x 1		 (7)v



since A = 4.08 cm 2 . Equation (7) yields the data in Table 5. 

Table 5. 	 Specific Series Resistance versus Base Doping 
Concentration and Thickness 

2 )Specific Series Resistance (M-cm 

v h Base Doping Concentration (cm- 3)
(cm/sec) ( Lm) 

1016 4.7 x 101 5 
2.3 x 1016 

0.06 200 0.64-- 0.83 1.21 

0.07 147 0.66 0.88** 1.31 

0.08 113 0.69 0.95 1.46 

*Conditions for 1978 baseline cells.


--- New standard conditions.



For the new standard base doping concentration of 1016 /cm 3 and the new standard growth 

the calculated specific series resistance is -0. 88 ohm-cm 2 
velocity of 0. 97 cm/sec, 
 

compared with a calculated value of -0. 64 for the 1978 baseline cells.



Effects of Series Resistance



To investigate the relationship between cell performance and specific series resistance, 

we begin by assuming that the present SOC cell characteristics can be calculated using an 

equation of the following form: 

]
q(V -IRs)01[

I = I01 exp kT - 1


[ q(v - lis? 1]


nkT+ 102 [exp 
-1 

V - It s 

+ 	 IRs 	 (8) 
scsh 
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where the various parameters were defined in Quarterly Report No. 11. For an example, 

consider SOC cell No. 180-4-102-1. The dark and light current-voltage characteristics 

are given in Figures 10 and 11, respectively. Using the methods given in Quarterly 

Report No. 11, the dark characteristic yields the data in Table 6. 

Table 6. Fitted Parameters for SOC Cell No. 180-4-102-1 

Parameter Value 

Rsh 100 kO 

n 1.7 

102 8.85 x 10 "5 mA 
- 8101 8.9 x 10 mA 

A 4.08 cm 

RpA 2.1 Q-cm 
- 5 

J02 2.2 x 10 mA/cm 2



J01 2.19 x 10 - 8 mA/cm 2



From the light characteristics, the total-area short-circuit current, Isc is 101. 2 mA., 

This value, the values given in Table 5, and Equation (8) give the calculated points shown 

in Figure 11. For this example, there is good agreement between theory and experiment. 

To investigate how series resistance affects cell performance, we now repeat the just 

given calculation for different values of specific series resistance. The results are 

given in Figure 12. The calculated efficiency is 10.6 percent for RsA = 0, 10. 1 percent 

for R sA = 0.83 0-cm2. 

The first case corresponds to zero series resistance; the second case corresponds to the 

calculated value of series resistance for NBG = 1016 /cm 3 and v = 0.06 cm/sec; and the 

third case corresponds to the measured value of series resistance. Thus, for this 

example, using cell 180-4-102-1, the conversion efficiency would be 10.1 percent rather 

than 9. 5 percent, if the measured value of series resistance were equal to the calculated 

value. 

MATERIAL EVALUATION (D. Zook and R. Hegel) 

During the past quarter, the evaluation effort emphasized the measurement of diffusion 

length and grain boundary effects using the LBIC method. The electrolyte technique has 

been improved by the use of a smaller hlght-beam spot size, yielding resolution comparable 
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to that obtained with p-njunctLons. The spot size is now about 6 jim wide and 15 jim long. 

The narrow dimension is scanned across the width of the sample. Since the grain boun­

arLes are nearly parallel to the growth axis, the resolution with which a grain boundary 

can be scanned is about 6 jim. A magnified LBIC scan of a grain boundary in a SCM­

coated sample is shown in Figure 13. Thee diffusion length was evaluated, given the value 

of Ln = 34 + 3 jim at the spot labeled "L n data." This value is comparable to the values 

measured in dip-coated material. 

The electrolyte technique has been used to correlate the minority carrier diffusion 

length, Ln , with the dip number. Dip Run 185 was lightly doped (2 x 1015 boron atoms/ 

cm 3 ) and 23 substrates were dip coated at the same growth rate (0.06 cm/sec) and melt 

temperature. Because of the light doping, the resistivity of the layers also was expected 

to change with dip number. 

X0 776



DATALn 

X=1 005 

250 pmn 

Figure 13. LBIC Scans of a SCIM-Coated SOC Sample Taken by the 
Electrolyte Method. The light beam spot size is about 
6 jim. The drop in current at the edge of the scan is 
caused by vignetting of the light beam by the platinum 
electrode which is out of focus. 
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The diffusion Length was determined in the following way, A region with large grain size 
was selected and the electrolyte electrode was mounted so that only a few grains were in 

the region to be scanned (3mm diameter). The region was scanned at several infrared 

wavelengths, as illustrated in Figure 13. For the most part, the scans showed uniform 

regions with sharp dips associated with low-angle grain boundaries. 

A unifoffm region showing "average" response at 1. 0 urm was selected and the LBIC 

response was measured using the procedure described previously (. e. , using chopped 

Light at 50 cycles and a 15 pLm spot size), 

The results are shown in Figure 14. Both the diffusion Length, L , and the sheet n



resistance, PS, decreased by a factor of 2 during the dipping sequence. The decrease 

in ps is very likely due to aluminum, whereas the decrease in L is probably due ton 
 

transition metal impurities (e.g., Fe, Ti, andV). The fact that both changed by a factor 

of 2 1s fortuitous, in view of the fact that the two parameters should depend on impurity 

concentration in different ways. 

4 0 400 mrm 

10 300 
o 20 0200 M 

0 

10 ~I DIFFUSION LENGTH (LEFT SCALE) 10 
0 =SHEET RESISTANCE (RIGHT SCALE) 

510 15 20 23 

NUMBER INDIPPING SEQUENCE 

Figure 14. Diffusion Length, Ln, with Grains and Sheet 

Resistance, ps, as Functions of the Dip 

Number for Dip Run 185 
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Loss in Short-Circuit Current Due to a 
Grain Boundary 

The simplest model of a grain boundary is a surface with infinite recombination velocity, 

clearly the "worst-case" situation. The basic theory-follows from the work of van2 
Roosbroeck, who developed the theory of the effect of surface recombination on current 

collection by a p-n junction. Theoretical work3 ' 4 on the effect of a scanning electron 

microscope electron-beam-induced currents (EBIC), based on Ref. 2, is also relevant 

to the light-beam-induced current (LBIC) case. 

We consider the geometry shown in Figure 15, with the grain boundary at right angles 

to the junction. The coordinate system is the same one used by Refs. 2 through 4. A 

point source produces four minority carriers, n, at the point (xs , z s), and the boundary 

conditions are n = 0 at x = 0 (the p-n junction) and z = 0 (the grain boundary) and can be 

met with image sources as shown. The incoming light ray is a line source which is a 

distance z s from the grain boundary, with source strength g =a e a X , where a is the 

absorption coefficient of the light. As discussed by van Roosbroeck, the same junction 

collection efficiency is obtained whether the point (xs, z s ) represents a point source or 

an infinite line source parallel to the y-axLs through the point (x,, z s). The Green's 

function for single line source is given by van Roosbroeck as: 

- (xX­n1 (X,Z;n Z (XXsZs))- = 2+ - oo I%[ (sX 2 fZ~+ (Z -Z (9)9 

where K is a modified Bessel function of the second kind. Here D is the electrono 0 

dffusivity, RI is generation rate per unit length, and the capital letters for the coordinates 

mean the value normalized to the diffusion length, L, (e.g., X = x/L). The carrier den­

sity due to the three image points is similar to Equation (9) and the total value of n is the 

sum of the four terms. 

The corresponding efficiency for charge collection by the p-n junction is given by-2 

Q 1 (Xs, Z') -i ( oI an-X = dZ (10) 

Noting that dKo (R)/dR = -K 1 (R), we see that 

Z s)22 + (ZdZ KX
Qo(X s ,Z : 
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Figure 15. 	 Geometry Used for Analysis of Grain Boundary 
Effects on Light Beam Response 

use of the Sonine formula: 2 
The integration can be simplified by making 

1 
1 s (12) 

2+Zo /Os 
2 

This relationship illustrates the fact that a point source or a line source will produce a1 -x/L 
current across a plane a distance x away from a quantum efficiency-- e Tf the 

plane is a p-n junction, then there is an equal current from the image source, so that 

the quantum efficiency is simply 

2Q1 (X ) -Xs = Xs /L 	 (13) 

35





Using Equation (12), we can rewrite Equation (11) as: 

dZ i 2 (14)'e + -QI(XsZs) = 

Analogously, 

+dZ
Q4 (Xs,-Zs) -e + (15) 

giving a net negative current, since it represents a sink rather than a source. 

Summing the contributions from the four points at (IX , +Z s) in Figure 15 gives 

Q(Xs,Zs) = -X s dZ K s ) (16) 

0 Vs -

Using Equation (9) of Ref. 3, it follows that 

-X 
(17)Q(Xs5 ,) = e 

which is consistent With Equation (12) above. 

The final result for a beam of light traveling along the x-axLs a distance Z s from the 

grain boundary at Z = 0 is 

" Q(Zs) = a dx e ax Q, Zs) 

K \x 2 Z2)2-ceLX' 
= TTaLo XSdXse f Z+ (18). 
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This result can be Simplified by changing the order of integration: 

K 1 (VW Y)dZ xdx ea LxQ(Z ) = 
so Jo X 2 +Y Z2 

Z
s



2aL jZ dZ G2 (Z) (19) 

0 

where G2 (Z) is the function G-2 (0, 0; Z,0) given by van Roosbroeck [Equation (37), Ref. 2] 

for the surface concentration due to a steady surface Line source at a reduced distance Z 

from the junction. The parameter S relating to surface recombination in Ref. 2 is re­

placed by aL in Equation (19). The function G 2 (Z) is plotted as Figure 7 in Ref. 2. 

It is clear from Equations (16) and (18) that Q(0) = 0, which means that the quantum 

efficiency at the grain boundary is zero. This would only be true for a light beam of 

zero width, however, and it is clear from Figure 2 of Ref. 2 that the finite size of the 

light beam becomes increasingly important for large values of UL. It follows from 

Equation (17) that 

Q(-) = L dXs eLX eX


0



1L (20)1 aL 

This is the quantum efficiency far away from a grain boundary, and is the usual expression 

for a uniform material of infinite thickness. 

The relative change in quantum efficiency is given by combining Equations (19) and (20): 

Q(Z/L) = I- 2(1 + aL) G2(z) dZ (21) 
Q(=) z/L 

where the integral is plotted as Figure 4 in Ref. 2, using the different variables noted 

above. Equation (21) is plotted in Figure 16 using the curves from Ref. 2 for the integral. 

Figure 16 actually gives the calculated LBIC line shape for infinite grain boundary recom­

binatLon velocity in the limit of zero spot size of the light beam. An actual light beam has 

a finite width, and so the shape would be a smoothed version of the curve in Figure 16. 
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Figure 16. 	 Calculated LBIC Response at a Grain Boundary 
Having Infinite Surface Recombination Velocity. 
The light beam spot size is assumed to be zero. 

difficult to compare the calculated line shape with the theoretical lineIn practice, it is 
The quantity of most interest for solar cellshape because of the finite width of the beam. 

performance is the loss in short-circuit current due to a grain boundary, compared with 

the regions within grains. This quantity is 

w = 2 	 dZ I-Q(AL))4(1+aL) dZ GQz')dZ' (22) 

The factor of 2 enters on the left of the equation because only one-half of the grain 

shownboundary is included ii the above analysis (only one-half of the LBIC line shape is 

such that thein Figure 16). The quantity w is an effective width of the grain boundary, 

loss in current due to the grain boundary is equivalent to a loss in cell area of that width 

times the length of the grain boundary. 
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The effectLve width, w, is plotted in Figure 17 as a function of aL. Since aL can vary 

from zero to infinity, it is convenient to plot as a function of I + aL. The effective width 

is approximately equal to: 

1 

I e 1 +aL (23) 

which is accurate within ±10 percent over the entire range of caL, 
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Figure 17. 	 Effective Grain Boundary Width, w, 
as a Function of a L 

Equation (23) is in a form which can conveniently be compared with LBIC experiments. 

The loss in current at any wavelength due to a grain boundary can be obtained by integrat­

ing over the LBIC line shape. The spot size of the scanning light beam is not important 

as long as it is small compared with the diffusion length. This process has been done 

for isolated grain boundaries on several LBIC scans, and the results are in reasonable 

agreement with Equation (23) if the value of L that is used is the value of the background 

in the Vicinity of the grain boundary. This value of L is determined by the relative 

response to the 1. 0 gLm scan, since this scan can essentially be considered a mapping of 

the effective diffusion length withln'the cell. 
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We conclude that this analysis, which is still preliminary, is consistent with grain 

boundaries in our SOC cells having infinite surface recombination velocity. Further 

studies and modeling will be conducted to verify this conclusion and consider the implica­

tLon of these results for solar cell performance. 

GROWTH MODELING (S. B. Schuldt) 

The growth of sheet silicon or silicon ribbon from the melt can happen, in principle, 

in either of two modes, as illustrated in Figure 18. In the conventional mode (a), the 

liquid-solid interface (LSI) is oriented approximately perpendicular to the pull direction, 

The latent heat of fusion released at the LSI is carried in the pull direction and must be 

disposed of by radiation and convection to the relatively cool environment of the solid 

ribbon. The word "symmetric" fits this mode because of the plane of symmetry through 

the half-thickness points. The other mode (b) lacks a plane of symmetry, as diagrammed 

here, and may be called "asymmetric." Because the LSI is Inclined at a small angle, 0, 

to the pull direction, most of the latent heat of fusion is eliminated immediately by cross­

ing transversely to the free solid surface. Only a small fraction of the Latent heat remains 

to be disposed of downstream (upwards as represented in Figure 18 from the solidifica­

tion wedge. It is debatable whether asymmetric growth has ever been successfully demon­

strated, but it is a critically important technology to pursue theoretically and experimentalLy. 

It is inherently much faster than symmetric growth and may have other advantages such as 

entrapment of impurities. 

SOLID 

SOLID jLIQUID 

LIQUID 
(i) (b) 

Figure 18. Silicon Ribbon Growth in (a) Symmetric and (b) 
Asymmetric Modes. The letters v and t are pull 
speed and ribbon thickness, respectively, 
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A heat transfer model was developed for the wedge-shaped region 5 in asymmetric growth 
but it does not address the problem of how to cool the ribbon as it travels away from this 

region. This report indicates that downstream cooling is too rapid for pure wedge-shaped 
asymmetric growth if a 300'K ambient is assumed for the entire solid ribbon. The cool­

ing can be retarded to the proper rate by including postheaters in the apparatus. The 
present analysis applies directly to unsupported ribbon growth. Extension to supported 

sheet growth, as in silicon-on-ceramic, will be done at a later time. 

In both symmetric and asymmetric growth, It is useful to consider lines of demarcation 

between the solidification zones and the fully developed solid, downstream regions. These 

are indicated as dashed lines in Figure 18. The heat flux approaching the line from below, 

consisting of convected heat, heat flux from the Liquid, and any latent heat of fusion not 
already disposed of, must balance the heat flux away from the line into the downstream 

region. This simple conservation principle leads to a v versus t tradeoff in the case 
of symmetric growth, as reviewed briefly below. In the asymmetric growth model, the 

conservation of heat flux does not imply any direct tradeoff limitation, but it does dictate 

the use of postheaters. 

Review of Symmetric Growth Model 

The conservation principle for symmetric growth can be expressed 

t(pcvTF + Jo + pLy) = t(kq + p cvTF) (24) 

where p and c are the density and heat capacity of solid silicon at T - TIP TF is the 
melting temperature, J0 the x-component of heat flux density in the liquid, L is the latent 
heat of fusion, k is the heat conductivity of solid silicon (independent of temperature in 

this analysis), and q = -dT/dx, the downstream component of the temperature gradient at 

the dotted line in Figure 18(a). Values used in this report are given in Table 7. The first 
term in Equation(24) represents convected heat flux, the second term Is the heat flux from 

the liquid silicon, and the third term Ls heat flux due to latent heat of fusion. The tkq 

term is heat flux by conduction into the downstream solid region. Note that convected 
heat cancels in Equation (24). If JO is assumed equal to zero (maximum throughput), the 

equation becomes 

pLv/k =q IT=TF (24a) 
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Table 7. Values for Silicon Parameters 

Parameter Value 

p _2._33 g./cm 3 

c 0. 954 J/g deg 

k 0.216 W cm/deg 

L 1802 J/g



T F 1685 deg K



J 0. 0 W/cm2 

The value of q is derived independent of the solidification zone parameters by integrating 

the heat equation for the downstream silicon portion, subject to approprLate initial con­

dition. Since symmetric growth is very nearly one-dimensional in character, the follow­

ing heat equation is convenient to use: 6 

t(k q!- + pcvq) = F(T, TA) (25) 

where F is the cooling function depending on the ribbon temperature, T, and effective 

ambient temperature, TA. This equation is equivalent to the standard one-dimensional 

heat equation in which the coordinate x is the independent variable. The transformation 

was made by substituting -q for dT /dx. If heat disposal is by radiation from both surfaces 

to an effective 3O 0 °K blackbody ambient, Equation (25) becomes 

t(kqdT + pcv q) = 2 a (T 4 3004) (26) 

dT 3(6 

The initial condition is that the gradient, q, tends to zero as T approaches ambient, 

i.e., q(300) = 0. The solid silicon emissivity is taken to be E = 0.46, and Equation (26) 

is integrated numerically 7 from T = TA to T = TF' since q(TF) is the value required 

in Equation (24a). 

The q obtained from the integration depends upon t, and to a lesser extent upon v due 

to the convective term in Equation (26). Figure 19 is a plot of q versus t for various 

pull speeds, along with p Lv/k (dashed Lines). The intersections of the two sets, marked 

with heavy dots, reveal the v versus t tradeoff and illustrate the flux conservation 

principle. 

42





20,000 

10,000 v= 0.4 

Av0 

00 1 

om 
1000 - -­

0.05 
- -­ -

v0O 
0.05 
0.1 
0.2 
0.4 

. 

2001 

10 100 1000 

t(um) 

Figure 19. Heat Fluxes from Solidification Region (Dashed)
and into Downstream Region (Solid). Balance is 
at the intersection points (heavy data), establishing
the v versus t tradeoff for symmetric growth. 

Ribbon Thickness in Asymmetric Growth 

A thermal model of asymmetric growth is independent of orientation, and the pull direc­
tion has been taken vertical (Figure 18) for comparison with symmetric growth We will 
use a horizontal orientation in the later analysis Mechanical factors could dictate other 
orientations, such as the one shown in Figure 20 In this configuration, point A, which 
presumably defines the downstream limit of the LSI, is fixed by meniscus stability con­

8 
sideration The wedge angle, 0, is given by 

e (T 4T4)/pvL radian (27) 

if heat flux into the LSI from the melt is neglected 5 If the top-side ambient T is 300'K, 

this becomes 

0 0 005/v 

43





and for pull speeds of the order of 0. 1 cm/sec or higher, the wedge angle is less than 

3 degrees Although 0 is established by thermal considerations involving the pull speed, 

the thickness t is not, since 

t -0 - AB 	 (28), 

and the length AB is an adjustable parameter based upon the design of the apparatus The 

position of B might be fixed, for example, by heating the melt surface to the left of B 

and allowing it to cool on the right Equations (27) and (28) show that an indirect tradediff 

exists between v and t; given a fixed wedge length AB, t is inversely proportional to v 

For the subsequent calculations, this dimension is arbitrarily assumed to be 0 8 era 

LIQUID 	 LSI CRUCIBLE 

Figure 20. 	 Nonvertical Implementation of 
Asymmetric Growth 

Temperature Profile in the Solidificatron Region 

Subject to a number of assumptions which will be examined, the two-dimensional heat 

equation yields a nearly linear temperature distribution in the solid portion of the region 

x = to x = Z (see Figure 21): 

T (x, y) - T F - A'n (x/.e- y/t) 	 (29) 

with 

zY~ eo(T4_-T 0 t/k (30) 

and 
t/ 6 - eac (TF - T 4)/pvL (31) 
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Figure 21. 	 Linear Temperature Distribution in a Wedge-
Shaped Sohdification Region 

The validity of the assumptions rests on their self-consistency, which we will attempt 

to establish­

1) 	 We assume the LSI is indeed a straight line and an isotherm at tempera­

ture TF. 

2) 	 Given (a), the linear temperature distribution obviously satisfies the 

steady-state heat equation­

2k(a2T/x + 2T/6y2 ) - pcv bT/6x = 0 (32) 

provided that the pcv term can be neglected. Zoutendyk5 gives the fol­

lowing condition for neglecting the pcv term: 

vt << k/pc = 0.097 (33) 

We will return to this condition 

3) A heat flux emerges from the LSI due to the latent heat of fusion If there 

are no temperature gradients in the liquid, this flux is normal to the LSI 

and of constant density, 

J = pvL sin e (34) 

because the LI1 is a straight line of length t/sin 0 and the total flux is 

pvLt From Equations (34) and (29) we see that 

45 



J = kA/t = pvL sin2 6 (35)x 

and 

J = kn/t = pvLsin6 cos 0 (36)y 

4) The radiated flux density from the surface y = 0 is approximately constant, 

provided that A is small, and equal to ea (TF4 _ To4). Equating this to the 
- vertical component Jy in (3) gives 

A - ca(TF - To4 ) - t/k 

which establishes Equation (30) and confirms that A is small (A = 4 9 deg 

if t = 0 1 cm) 

5) Combining Equations (30) and (36) also give 

sine cose 6 s ca (TF 4 - T4)/PvL 

which establishes Equation (31). Finally, since e - t/L, Equation (31) 

may be rewritten 

vt - ca(TF 4 - T 0
4 ) Y/pL 

or vt =- 0. 005 if £ 1 cm (It has been already noted that ) is somewhat 

arbitrary. ) Since 0. 005 << 0. 97, the condition (24) for neglecting the 

pcv term is satisfied. 

Matching the Temperature Distribution to the Downstream Region 

As observed previously, the component of latent heat carried downstream is much smaller 

in asymmetric than in symmetric growth In fact, since J = pvL sin2 0=- [ea(TF 4 -

T 0 
4 )J 2 /pvL from Equations (3,5) and (31), the conservation principle for the wedge model 

becomes 

[EcO(TF 4 - T 0
4 ) ] 2 /pvLk = qI - T F (37) 

For a cooling environment of 300'K along the whole silicon ribbon, q was found to be in the 

102 to 104 deg/cm range (Figure 19), whereas the left-hand side of Equation (37) is much 

smaller (e g , about 5 deg/cm for v = 0. 1 cm/sec). It is obvious that the cold downstream 

environment is not compatible with the wedge model. We will see in more detail later 

(Figure 26) what happens when we try to force the cold downstream environment on the 

wedge model 

46 



It is not so obvious that the cold environment precludes any kind of asymmetric growth 
It is conceivable that some kind of curved LSI is possible with a portion of it nearly 

parallel to the surface, for higher throughput, and another portion at a large inclination 

to the surface in order to match the high q We have not succeeded in constructing such 
a curve by any analytical method, and we also doubt that this type of geometry would be 

stable in practice. 

The approach taken here is an attempt to stabilize the wedge pattern by extending the 

linear distribution for some distance into the downstream region This will automatically 

satisfy continuity of not only aT/6x but 6T/by as well. It is assumed that afterheaters can be 

constructed to provide an arbitrary distribution, TA (x), of effective ambient temperature 
on the meniscus side of the ribbon The other side will remain exposed to the cold am­

bient A restriction on this approach is that TA(x) (i. e , the design,of the afterheaters) 
must depend on v and t A change in either of these parameters would force a redesign 

of the afterheaters. The required TA(x) is estimated using the one-dimensional heat equa­
tion; Equation (25) and then "verified" by applying it to a computer program which 

(numerically) solves the two-dimensional heat equation for the entire silicon ribbon The 
method is demonstrated for the particular case A = 0 8 cm, v 0. 1 cm/sec, and t = 0 04 

cm 

To begin, let F(T, TA) in Equation (25) be written 

F[T,TA(T)J = f(T, 300) +f[TTA(T)] (38) 

4where f(T,TU) = es(T U4 ) and hence F(T,300) = 2f(T,300) = 2 e0 (T4 
- 3004). The pro­

cedure will be to find a TA (T) to suit our purposes and then convert to TA(x) using 

T 
x = A + 1 - dT/q(T) (39) 

F 

where q is obtained from Equation (25) with TA = TA(x). Let q0 (T) be the integral of 

Equation(25), with TA = 300°K This is plotted in Figure 22 over the range T - 1685 0 K 

to T = 1200°K. For the desired distribution q(T), let the linear temperature range (con­
stant q = A/A) be extended to x = 1. 21 = 0. 96 cm, and let T1 and T 2 denote the half-thick­

ness temperatures at x = A and x = 1 2A, as in Figure 23 The values of T1 and T2 are 

indicated in Figure 22 Next, let q(T) increase as the temperature decreases from T 2 

and join it smoothly to q0 (T) at some T3 , as in Figure 21. "Smoothly" means that q 

qoand dq/dT = dq 0 /dT at T = T3 . 

47





2000		 = 3 0 0 0° ]q[TA 
 

1000

800

600


400

/



TACT) I

200 	 q[ TA 
 

100

80



" 60


I00



40


LdI



20



10



6



4



T1 T2 	 T3 

1683.06 	 1682.27 1600 1500 1400 1300 1200


T (DEGK)


SCALE CHANGE



Figure 22. 	 Original (q0 ) and Afterheater-Modified (q) Temperature 

Gradients for the Case v = 0. 1 cm/sec, t = 0.04 cm 
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Figure 23. Linear Temperature Distribution to be 
IExtended tox = 1 2 t. ThenT =T ­

A/2 and T 2 = T I - 0. 2A. 

Some observations may be inferred from the approach as outlined so far It will be noted 

that q and q0 satisfy 

t(k q dqldT + pcv q) = FET, TA(T)J 

and 
t(kq 0 dq 0 /dT + pcv qo) = F(T, 300) 

Inspection of Figure 22 reveals that q ! qo and qdq/dT 5 qodqo/dTo It follows that 


F(T, TA(T)) F(T,300), and, therefore, TA(T) 300 In other words, TA,(T) is reahs­


able with heaters. Second, since both q, q0 and their derivatives match at T = T3 , the 


value of TA(T) falls to 3000 at T = T 3 and remains constant at lower ribbon tempera­


tures Finally, to the same approximations that were discussed earlier, continuity of 


both dT/dy and dT/dx is assured at x = A That is, the linear temperature distribution 


is extended past x = L (a) Since dT/dx is constant by design throughout the extension, 


dT/dy is also constant throughout the extension because d2TTdx 2 + di2Tdy = 0 (neglecting 


the pcv term) (b) Because the ambient seen by the ribbon surface opposite the meniscus 


is 300K, it follows that 


dT/dy - 1/kf(TF 300) 

throughout the extension, as it is also in the wedge region This is the primary rationale 

for placing the afterheaters on the meniscus side 

A simple function having the required properties is 

q(T) = /£ +a I (T2 - T) + a 2 (T2 - T)2 whereT 2 T T 3 (40) 
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with aI and a 2 chosen so that q(T 3 ) = qo(T 3 ) and q'(T 3 ) = qo'(T3 ). If T 3 = 13000K, these 

are q(T 3 ) = 672 17 and q'(T3 ) = 1027 46, and the coefficients are found tobe a = 5 0197 

and a 2 = -0. 0085649 Now TA (T) is easily determired algebraically from Equation (25y 

over the range T1 T ' T 2 using q =A/) and q' = 0, and over the range T 2 T 3 

using q and q' from Equation (40). Then TA(x) may be found by integrating as in Equa­

tion (39) to obtain the relation between x and T (This temperature distribution appears 

in Figure 25 ) 

Two-Dimensional Verification 

The two-dimensional steady-state heat equation, Equation (32) was solved numerically 

on a 7 x 300 grid representing a rectangular region t = 0.04 cm wide and about 2 4 cm 

long The first 0 8 cm (_100 grid points) corresponds to the wedge portion, the next 

0 16 cm (20 grid points) represents the linear extension region, T 1 T t T 2 , and the 

remainder covers the rest of the afterheater distribution, including a very short final 

portion (_0 04 cm) where TA = 300°<K Boundary conditions were set up as indicated 

in Figure 24 Temperatures were specified on segments 1, 2, and 5, whereas deriva­

five conditions were used on segments 3 and 4 corresponding to the nonlinear radiation 

law An approximately linear temperature distribution was set up in the wedge region 

by treating the liquid as an extension of the solid The temperature on the edge segments 

1 and 2 was set to increase linearly from TF at the LSI corners to TF + A at (o, t). 

(0,o) 	 o.'
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Figure 24. 	 Boundary Conditions for Numerical Integration of Equation (32). 
Segment 1: T = T F + (y/t)A. Segment 2: T = (TF + A) - (x/i)A. 

Segment 3: IT/ayI = (1/k) f (T,300). Segment 4: 6T/ayl= 
(1/k) f[T, TA(x)]. Segment 5. T = 1275. 

The 2100-point system was solved by means of a successive over-relaxation method 

The main features of the calculated temperature distribution are plotted in Figure 25 

along with the effective ambient, TA (x). The partials ST/ax and ZT/2y are of parti­

cular interest and are seen to remain essentially constant through the solidification 

region, ending at the point marked with an arrow In other words, the linear profile 

remains intact throughout this region The required TA is approximately constant at 

just over 20000K to a distance of 1 cm from the LSI-meniscus juncture and then falls 

rapidly to 300'K over the next 0 55 cm 
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Figure 25. Two-Dimensional Temperature Distribution in 
Silicon Ribbon Drawn Through the Heated Environ­
ment, TA(x) (dashed curve). T and the partials, 
a T/bx and bTf1y, are averaged over the width of 
the ribbon. A well-established lnear temperature 
dLstribution is indicated by the near constancy of 
aT/6/x and 6T/by up to the end of the wedge 
(marked with an arrow). 

51 



For comparison, Equation (32) was solved with TA (x) set equal to 3000 K, corresponding 

to the omission of afterheaters The boundary conditions on segments 1, 2, and 3 were 

the same as given in the caption for Figure 24 but on segment 4, 1jT/Byl = (1/k) f(T, 300). 

The results are plotted in Figure 26 Note that the rapid downstream cooling causes 

drastic variations in both 'T/6x a-nd aTThy near the LSI-meniscus juncture It is clear 

that the linear temperature distrfbution is completely destroyed 
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Figure 26 	 Two-Dimensional Temperature Distribution in Silicon Ribbon 
With No Heated Environment The linear temperature distri­
bution is totally destroyed, indicating that a wedge-shaped 
solidification zone is not possible in a cold environment 
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CONCLUSIONS AND RECOMMENDATIONS



CONCLUSIONS



From the work performed during the quarter, we conclude that*



Smooth 125 pm layers can be produced in the experimental dip coater at pull 

speeds of 0 15 cm/sec 

o 	 An active afterheater must be provided for the experimental dip coater to 

minimize thermal shock to the ceramic substrate 

* 	 A leak in a valve in the argon line of the production dip coater was causing 

unwanted SiC formation in the melt 

Unidirectional solidification with large grain size occurs even at a pull speed of 

0 2 cm/sec 

* 	 Angle SClvI coating can provide the meniscus stability necessary for continuous 

coating operation 

* 	 The optimum base doping concentration for relatively thick SOC cells is I x 101 6 /cc 

o 	 "Good" solar cells ( > 9 percent cell efficiency) can be processed on 120[im-thick 

SOC material 

* 	 Thin SOC cells will not be unduly affected by increased series resistance ( 0. 5 

percent cell efficiency. ) 

* 	 Initial SCIM material has a minority carrier diffusion length of Ln = 34 ± 3pm 

* 	 LBIC measurements indicate L decreases as the dip number increases forn


dip coated samples (L n decreases by - a factor of 2 after 23 dips).



* 	 Good agreement between theory and experiment (LBIC) with respect to loss of 

isc out to gram boundaries can be obtained 

* 	 Growth modeling activities indicate the asymmetric growth mode may offer an 

improved thickness/velocity relationship. 
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RECOMMENDATIONS 

Recent experimental r~sults indicate good cell performance can be obtained on thinner 

material (faster growth speed). Also, we have found that an ND value of 1 x 10 1 6 /cc 
in the base region provides improved cell performance Therefore, we recommend 

the "standard" pull speed be increased to 0 07 to 0 08 cm/sec and the standard base 

doping concentration be reduced to I x 101 6 /cc. 

54





PROJECTION OF FUTURE ACTIVITIES 

Future activities are projected as follows. 

* 	 An active afterheater will be added to our experimental dip coater to minimize 

thermal shock to the substrate 

" 	 Coating experiments with convective cooling will be carried out at 0 2 to 0 3 cm/ 

sec in the experimental dip coater 

" 	 Thin material (100 to 125 lgm) will be fabricated in the production dip coater for 

SOC cell fabrication 

* 	 The transverse thermal gradient along the trough in the SCIM coater will be 
eliminated 

* 	 The effect of coating angle, coating speed, substrate and meniscus temperature 

on SCIM-coated layer quality will be investigated 

* 	 Thin (50 to 100 pm) SOC cells will be fabricated and evaluated 

o 	 Photodiodes/solar cells will be fabricated on SCI-coated material 

* 	 LBIC measurements will continue on selected dip-coated and SCIM-coated 

material 

* 	 Growth modeling activities will be directed toward supported asymmetric 

growth 
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NEW TECHNOLOGY



There were no reportable "new technology" items uncovered during this reporting period 
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PROGRAM STATUS UPDATE



Updated versions of the Program Plan, Program Labor Summary, and Program Cost 

Summary are presented in Figures 27, 28, and 29, respectively 

TASK/MILESTONE 	 971979 
F 	 M A M J J______I__A__I__S_______N L 
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FORSLOTTED SOC SOLARCELLS
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PERFORATIONCONFIGURATIONS 

B 	 DIP-COATINGFACILITY ND 2
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a) 	 PROVIDEINITIAL 0 2 CM1/SECSOC



MATERIAL FORCELL FABRICATION
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MATERIAL EVALUATION
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0I 	 APPLY THERMALANALYSISMODELTO
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C 	 CERAMICSUBSTRATES 

I 	 SELECT,PURCHASEANDFABRICATE 
SUITABLECERAMICSUBSTRATES 
FOR
SILICONDIP-COATING 
 

-


MATERIAL CHARACTERIZATION

1 	 DETERMINERELATIVEIMPORTANCE 
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IMPURITIESVERSUSSTRUCTURE
ON SOC
 
SOLARCELLPERFORMANCE
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FORGRAINBOUNDARYDENSITY 
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MATERIALEVALUATION 
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F 	 SOCSOLARCELLPERFORMANCE


1 PERFORMANCE
OPTIMIZATIONOFSLOTTED
 

SOCCELLS
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SLOTTED 
 
U]OPTIMIZEBASE DOPING CONCENTRATION
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b) ANALYZESTRIPEAINTEGRALOPTICAL



COUPLERDEVICEPERFORMANCE
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C) DETERMINE PERFORMANCESTRIPE/lO 
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12 	 MATEFPIALDIS BURSEMENT 

1 PROVIDESOC SAMPLES WITHIDENTIFYINGDATAAS AVAILADLE AND AS SELECTED 
BY
 
JPLOF UP TO SOPERCENTOFTHE SOC
 
SAMPLES 
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Figure 27. Updated Program Plan 

57





1979 

58 F M A M J J A 0 N D 

57 

56 

-

- / 

/ 

55 / 

54 / 

S53 
x 

52 

0 
51 

< -50 

F-/
C ,
LL 49 / 

/ 

/ 

/ 

48 -47 / / 

47 - --- PLANNED MANHOURS 

46 - INCURRED MANHOURS 

45 

Figure 28 

I I I I 

Updated Program Labor Summary 

I 

58





F M A 
1750---------------------------

M J 

1979 

J A S 0 N D 

1700 

1650 

o 
0 

1600 
o 

1550 

-

-

-

1500 -­

0
U 1450 

4 

o 
1400 

4­

1350 

1300 

1250 

-
1-0 ---- PLANNED COSTS 

INCURRED COSTS 

1200 

Figure 29 Updated Program Cost Summary 

59





al

REFERENCES 
 

1. 	 F Schmid, C P Khatlak, T G Diggs, Jr and L Kaufnann, J. Electrochemical 
Soc 126, 935 (June, 1979) 

2 	 W. van Roosbroeck, "Injected Current Carrier Transport in a Semi-Infinite Semi­
conductor and the Determination of Lifetimes, and Surface Recombination Velocities," 

J Appl.Phys, 26, 380-391 (1955). 

3 	 C. Hu and C Drowley, "Determination of Diffusion Length and Surface Recombin­

ation Velocity by Light Excitation, " Solid State Elec. 21, 965-968 (1978) 

4 	 0. V Roos, "Analysis of an Electron Beam with a Solar Cell - I," Solid State Elec 

at1 1063-1067 (1978) 

5 	 J Zoutendyk, "Theoretical Analysis of Heat Flow in Horizontal Ribbon Growth 

From a Melt," J. Appl Phys 49(7),July, 1978, pp 3927-3921 

6 	 J D Zook and S B Schuldt, "Analysis of Conditions for Hgh-Speed Growth of 

Silicon," to be published in J Crystal Growth 

7 	 Fourth-order Runge-Kutta method 

8 	 C A Rhodes, M. M. Sarraf, and C H Liu, "Investigation of the Meniscus Stab­
ility in Horizontal Crystal Ribbon Growth, " to be published in J Crystal Growth 

60




