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RESEARCH PROGWI PLAN 

OBJECTIVES 

1. Technological assessment of ribbon growth of silicon by 

a capillary action shaping technique. 

2. Economic evaluation of ribbon silicon grown by a capil- 

lary action shaping technique as low-cost silicon. 

SYNOPSIS OF PROGRAM OF STUDY 

1. Crystal growth of silicon ribbons. 

2. Characterization of silicon ribbons. 

3. Economic evaluations and computer-aided simulation of 

ribbon growth. 

.i 



NINTH QUARTER HIGHLIGHTS 

o A 100-mm-wide ribbon growth furnace has been installed 

and is in the process of being debugged. 

o Vitreous carbon shows promise as a crucible material 

both for ribbon growth and for directional 

solidification. 

o A crack-free 5 cm diameter silicon ingot with a grain 

size of several mrn was directionally solidified in a 
. . 

vitreous carbon crucible. 

o The display of defects under MOS capacitors on silicon 

ribbon by scanning electron microscope in electron beam 

induced current (EBIC) mode is d.escribe3. 

o ~he'techni~ue provides a tool for the evaluation of the 

electrical activity of defects according to thmir 

relative attenuating effect on the EBIC. This in turn 

can be used for interpretation of measured lifetime. 

o If ribbon technology is to compete with Czochralski 

technology for $>SOO/kWE solar array production 

contracts through 1986, it must be phased into 



manufacturing starting in 1978. 

o The following schedule is proposed for bridging from 

ribbon technology development to large scale production 

through utilization of manufacturing science: 

- Suspension of further Ribbon Technology 

Development: 1977/78 

- Definition and Utilization of Manufac- 

turing Science: 1978/86 

- Initiate Phasing into Manufacturing: 1978 

- Initial Manufacturing Technology Ready: 1980 

- Pilot Production: 

- Small Scale Production (1-10 MCq) : 

Large Scale Production (20-1 00 MW) : - 1985/86 y +  "' 

o For 1986, the following sheet technology costs are 

projected. They are based upon the schedule (item 2), 

technology pacarueter values Of Fig. 2 on page 68, and 

have been taken from Fig. 1 1  on page 81 : 

- 2 
$48/m ($320/kWE) sheet material cost appears as a 

good bet for 10 cm wide ribbon, $10/kg poly, 

15% cell. 

Alternatives: 16.3 cm wide ribbon, $20/kg poly 

8.5 cfil wide ribbon, $ 5/kg poly 



- $30/m2 ($2OO/kWE) sheet material cost cannot be 

obtained with 10 cm wide ribbon, 15% cell, even 

at zero poly cost. 

Possibilities: 21.0 cm wide ribbon, $10/kg poly 

15.0 cm wide ribbon, $ 5/kg poly 

- 2 
$20/m ($133/kWE) sheet material cost is unreal- 

f sf ie with ribbon tecli~~ology defined here and 

considered reasonable. 

Data Point: 25.0 cm wide ribbon, $4/kg poly. 



TENTH QUARTER ACTIVITY PLAN 

o Complete debugging of 100 mm ribbon system and initiate 

growth experiments. 

o .Continue ribbon characterization with particular 

emphasis on solar cell parameters. 

o Complete ribbon technology assessment: 1976-1986 (Part 



CRYSTAL GROWTH 

by 

T. F. Ciszek 

1 .0 INTRODUCTION 

The crystal-growth method under investigation is a capillary 

action shaping technique. Meniscus-shaping for the desired 

ribbon geometry occurs at the vertex of a wettable die. As 

ribbon growth depletes the melt meniscus, capillary action 

supplies replacement material. The configuration of the 

technique used in our initial studies was similar to the 

edge-defined, film-fed growth (EFG) process described by 

LaBelle (1). The crystal-growth method has been applied to 

silicon ribbons for several years (2,3,4). As our work on 

silicon. ribbon, growth has progressed, we have found that 

suLstarltia1 improvements in ribbon surface quality could be 

achieved with a higher melt meniscus than that attainable 

with the EFG technique. Thus, in our later work we have 

abandoned the EFG technique in favor of the improved 

capillary action shaping techique, which employs the 

capillary die design shown in Fig. 1. 



Fig. 1 .  Capillary Die Design ' 

F i g .  2. CAST High Melt Meniscus Growth 



It represents a departure from the die types used for 

edge-defined, film-fed growth, in that.the bounding edges of 

the die top are not parallel or concentric with the growing 

ribbon. The new die allows a higher central melt meniscus 

(Fig. 2) with concomitant improvements in surface smoothness 

and freedom from Sic surface particles, which can degrade 

perfection. 

Certain problems still await solution before the technique 

becomes viable for. large-scale economical photovoltaic 

applications. High-density graphite fulfills the durability 

and wettability requirements of a die (2) and has been used', 

to date, for most silicon ribbon growth; it is not, however, 

completely non-reactive. Good crystallographic perfection 

has been achieved on small ribbon segments (2,3), but the 

structure of large ribbons is marred by planar, line, and 

point defects. 

Our objective in thic work i3 to attain a elear 

technological assessment of silicon ribbon growth by the 

capillary action shaping technique and to enhance the 

applicability of the technique to photovoltaic power device 

material. 

In this report, our progress in scale-up of the process from 



50 mm to 100 mm ribbon widths is presented, the use of 

vitreous carbon as a crucible material (both for ribbon 

growth and for directional solidification) is analyzed, and 

preliminary tests of CVD Si3N4 as a potential die material 

are reported. 

A crack-free ingot of silicon 5 cm in ,diameter was 

directionally solidified in a vitreous carbon crucible. The 

resultant grain size was several millimeters. 
- 

2.0 100 mm GROWTH SYSTEM 

All furnace,parts have been received and assembled. Welding 

of watercooling channels to the furnace end pieces has been 

completed. A 210 mrn I.D. x 210 mm high, 12 turn RF coil was 

fabricated and leak checked. Adaptors have bee11 installed 

to accommodate the new furnace on the existing ~rra~hine 

frame. Also, -plumbing of the cooling water system, 

alignment of the furnace, tuning o f  the RF generator to the 

large RF coil and tuning of the temperature control system 

have been completed,. Seeds and silicon polycrystalline 

charges have been sawed. 

Hot zone components have been outgassed in vacuum at up to 

1 5 1 0 ~ ~ .  This required an RF' generator output power of 34 KW 



(9.8 KV at 3.5 amps), compared to about 9 KW for our 50 mm 

ribbon furnace. In attempting to melt silicon and grow 

ribbons in an argon atmosphere, we have so far been 

unsucessful because of ionization of the argon due to the 

high RF coil voltage. Steps are being taken to alleviate 

this problem. In Fig. 3, the new 100 mm furnace is shown 

with the old 50 nun furnace. 

3.0 DIE/CRUCIBLE MATERIAL EVALUATION 

3.1 Vitreous Carbon 

Vitreous carbon was given a preliminary evaluation as a 

potential crucible material. In the same experiment, 

directional solidification of silicon in the crucible was 

achieved. 

3.1.1 Experimental 

a 139 gram polycry~talline charge of silicon was placed in a 

50 nun diameter x 50 mm high vitreous carbon crucible along 

with sufficient boron to produce a 2 ohm-cm average 

resistivity. Graphite r-f susceptors and heat shields were 

arranged to establish a vertically-decreasing temperature 

gradient of about 3s0c/cm, the bottom of the crucible being 



F i g .  3 .  100 nun Furnace ( L e f t )  and 50 mm Furnace 



the hottest region. The system first was heated to melt the 

silicon and then additonally heated to a temperature of 

1 6 8 0 ~ ~  (at the top melt surface). Since the melt was about 

3 cm deep, the temperature at the bottom of the crucible was 

approximately 1785°~. The molten silicon was held at this 

temperature for 15 minutes. The system temperature was then 

decreased at a rate of 2.5°~/min. (while maintaining the 

vertical gradient) until the entire charge had solidified 

(about 2 hours). The cooling rate was then increased to 

20°c/min. until the silicon temperature was 1 OOoOc, at which 

time the power was turned off. The growth system was very 

clear during this experiment (no silicon oxide fluff 

deposits as are typically present when using a quartz 

crucible). 

3.1.2 Results 

Upon removal from the furnace, the solidified silicon was 

found to be intact and free of cracks (Fig. 4) . Several 

thin slices were sawed from the bottom and top of the 

cylindrical ingot. Small silicon carbide particles were 

found at the carbon/silicon interface on the crucible 

bottom. 

At a distance of 0.7 m from the crucible bottom, the 

silicon grain distribution was as shown in Fig. 5. Grain 



Fig. 4. Silicon Directionally Solidified 
(Bottom to Top) in a Vitreous 
Carbon Crucible 

Fig. 5. Grain Characteristics at 0.7 mm 
from Crucible Bottom (1 OX) 



size ranged from 0.05 mm to 2 mm, with 0.5 mm being a 

typical size. The silicon here was P-type, and 

resistivities ranged fron 1.4-5.0 ohm-cm. 

At a distance of 2.5 cm from the crucible bottom, the grains 

were substantially larger (Fig. 6). They ranged up to 4 mm 

in size, with 1 mm being a typical size. Figure 7 is a 

photo of the opposite side of the slice region shown in Fig. 

6. The slice was I . ?  mm thick. As can be seen, there is a 

substantial amount of vertical boundary behaviour. Some of 

the grains visible from both sides of the slice are 

identified with corresponding numbers. The resistivity here 

ranged from 0.5-2.1 ohm-cm, P-type. 

Since the grains are large and at least some of the 

boundaries are vertical, these wafers will be processed into 

solar cells to determine their photovoltaic suitability. 

It ohould be noted LhaL the grain structure ok this material 

is very similar to that reported by Fischer and Pschunder 

(5) for the Wacker-Chemitronic non-single crystalline 

silicon upon which solar cells of up to 12.5% AM0 efficiency 

were fabricated. 

3.1.3 Diraurrion 

~irectional solidification or Bridgeman/Stockbarger crystal 



Fig. 6. 

Grain Characteristics 
2.5 cm from 
Crucible Bottom (1 OX) 

Fig. 7. 

Opposite Side of 
1.2 mm Thick Wafer 
Shown in Fig. 6. 
Grains Visible on 
Both Sides are 
Numbered. 



growth is an effective simple technique used for many metals 

and alkali halides (6). The container should be inert and 

the material to be grown should contract upon freezing or at 

least not stick to the crucible walls. Silicon does neither 

and has not been successfully grown by this simple process. 

Recently ( 7 ) ,  additional attempts have been made using the 

traditional fused quartz containters, and cracking of the 

ingot is a serious problem. 

Silicon is capable of plastic deformation from tne melting 

point (141 5Oc) down to about 6 5 0 ~ ~ .  Below that temperature, 

silicon responds to an increasing applied stress by 

deforming elastically until the fracture stress (crackina) 

is reached. In the temperature range 650° to 20°c, the 

thermal expansion coefficient monotonically decreases from 5 

-6 o x 10 / C to 2.4 x 1 O-~/OC almost linearly. Thus, when 

silicon is solidified and then cooled below 6 5 0 ~ ~  in a 

quartz crucible, the silicon shrinks at a much lower rate 

than the crucible (the thermal expansion coefficient of 

-6 0 fused quartz is 0.55 x 10 / C in the temperature range 

15-1 OOoOc) . Since the silicon sticks to the quartz, 

cracking results as the silicon fracture stress is exceeded. 

In 1972, it was shown that graphite is a durable substrate 

in contact with liquid silicon provided that the density is 



3 greater than about 1.75 gm/cm and the grain size is less 

than about SO p m ( 2 ) .  The degree of carbon contamination of 

the silicon (about 20 ppm) is similar to the level of oxygen 

contamination when silicon is grown from conventional SiO 
2 

crucibles; however, unlike oxygen, carbon is not 

electrically active in silicon. 

Graphites are available with a wide range of thermal 

expansion coefficients (1.1 to 8.3 X , soma being 
isotropic and some anisotropic. To avoid cracking of the 

silicon charge and/or the crucible, the graphite or carbon 

crucible should have a thermal expansion coefficient in the 

range 6 5 0 ~ ~  to about 20°C which either matches that of 

silicon or else, on the average, produces the same 

dimensional change. 

Thc thcrmal expansion coefficient of vitreous carbon ranges 

-6 o -6 0 from 3.5 x 10 / C at 6 5 0 ~ ~  to 3.2 x 10 / C at 1 0 0 ~ ~  and 

has about the same average dimensional change as silicon in 

this range (at G ~ O O C ,  the silicon shrinks less than the 

carbon with decreasing temperature, while near room 

temperature, the silicon shrinks more than the carbon with 

decreasing temperature). 

It is felt that yrain size cuuld be increased by seeding the 

initial growth at the bottom of the crucible. 



Of course, any cross-sectional ingot shape - rectangular for 
example - could be produced by using an appropriate 

container shape. 

The initial melt temperature and solidification rate used 

here were arbitrarily chosen and could probably be altered 

substantially. 

3.2 Silicon Nitride 

Wetting of silicon on CVD Si N was tested. The CVD sample 
3 4 

was a segment from a cylindrical crucible wall. The radius 

of curvature (in only one dimension) was 4 cm, and the 

segment thickness was 1.1 man. The Si3N,+ segment was 

degreased, etched in HF for 2 min., and rinsed. An etched 

silicon chip of 0.078 g weight was placed on the Si3N4 and 

heated to the silicon melting point under an argon ambient. 

The droplet was allowed to remain molten for several minutes 

and then was solidified. The droplet and substrate were 

then sectioned and etched to reveal the interface and 

contact angle. The entire section is shown in Fig. 8, and a 

close-up of one edge appears in Fig. 9. The observed 

contact angle (Fig. 9) is 23O. The partial wetting behavior 

indicates that capillary rise should occur with CVD Si3N4. 

This will be further investigated. While the main body of 

the droplet had the contact angle described above, a thin 



Fig. 8. Silicon Droplet Solidified on Si3N4-CVD Substrate (10X) 

Fig. 9. Close-up (25X) of Left Edge of Droplet 



film of silicon spread on the Si N ahead of the main body- 
3 4 

i s  is visible in Fig. 10, which is a top view of the 

droplet prior to sectioning. 

Fig. 10. Top View of Droplet ( 1  OX) 

Technical assistance in performing the experiments discussed 

in this section was provided by F. Newman. 
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DIFFUSION LENGTH MEASUREMENTS BY SEM 

by 

R. G. Dessauer and E. W. Hearn 

1.0 INTRODUCTION 

The development of the method and equipment systems, here 

described in detail, is based on work done by Dr. R. M e  

Hezel for the characterization of silicon ribbon, (Ref. 1) . 
Sample preparation methods for silicon wafers are included 

since they differ from those applicable to ribbons. 

2.0 THEORY AND WORKING EQUATION 

The diffusion length measurement is based on the expression: 

I k e  -x/Ln eq. 1 (1 ) .  

I = current at junction edge due to electron beam 

induced current (see Ref. 1,  Fig. 12). 



x = Distance from e-beam impact point to junction 

edge. 

Ln = Diffusion length. 

This expression can be transformed to give diffusion length 

as a function of measured distance: 

L = Log e (A .x )  eq. 2 (see Appendix I) . 
n .  

The distance . (A x), measured along the x-axis of any log I 

vs. x plot is that which is subtended from the straight 

portion of the curve by one decade of (log) current. 

Taking into consideration the x-y recorder pen travel and 

D electron beam scanning rates, and substituting -r for A x 

in eg. 2, the working equation becomes: 

R 
Ln 

= (104 loq e ) ( e ) (  S)D urn eq. 3 
(t) (MI (m) 

4 where, 10 is the conversion from cm. measurements to urn 

and, 1 = length of scan measured on screen of SEM 

cathode ray tube (cm) . 



R = X-Y r e c o r d e r  pen sweep r a t e  ( i n  X d i r e c t i o n )  
S 

(sec/cm) . 
D = X-Y r e c o r d e r  pen excu r s ion  ( i n  Y d i r e c t i o n )  

f o r  one decade of l o g  c u r r e n t  a p p l i e d  (cm).* 

t = T i m e  per  one scan of l e n g t h  1 ( s e c )  . 
I4 = SEM magn i f i ca t ion  (d imens ion less )  

m = Slope of s t r a i g h t  s e c t i o n s  o f  l o g  I vs .  x  

curve.  

*D i s  chosen from Table  I .  I t  depends s o l e l y  on t h e  l o g  con- 

v e r t e r  o u t p u t  s c a l e  f a c t o r  and t h e  X-Y r e c o r d e r  Y - r ange  
. . 

s e t t i n g s  (see Appendix 2 ) .  
. ' 

. 
A s imple  a i d  was dev i sed  t o  f a c i l i t a t e  r ead ing  t h e  s l o p e s  of  

9 _ , ,  

l o g  I vs.. x  cu rves  produced on t h e  r e c o r d e r .  I t  c o n s i s t s  of  

a t r anspa rency  showing s l o p e  v a l u e s  on a  v e r t i c a l  (y )  a x i s  

and a d i s t a n c e  of u n i t y  on t h e  same s c a l e  l a i d  o u t  a long  t h e  

x-axis,  (see F i g .  1 1,. The t r a n s p a r e n t  o v e r l a y  over  t h e  

s t r a i g h t  s e c t i o n  of  t h e  l o g  f v s .  x cu rve  d i r e c t l y  on t h e  

r e c o r d e r  c h a r t  paper .  Its axes  a r e  a r ranged  p a r a l l e l  t o  

t h o s e  of  t h e  c h a r t ,  and t h e  end p o i n t  of t h e  x  d i s t a n c e  i s  

p l aced  on t h e  lower p o r t i o n  of  t h e  s t r a i g h t  s e c t i o n .  The 

s l o p e  may t h e n  be r ead  o f f  t h e  s c a l e  d i r e c t l y  a t  t h e  p o i n t  

of i n t e r s e c t i o n  of t h e  Y-axis w i th  t h e  upper p o r t i o n  of t h e  

curve .  The o v e r l a y  may be r eve r sed  f o r  s l o p e s  having 



TABLE I. "Height"  ( D )  i n  cm. on r e c o r d e r  c h a r t  (i. e . ,  
pen excu r s ion  i n  Y-direct ion)  f o r  i n p u t  change 
o f  one decade o f  l o g  c u r r e n t  w i t h  a v a i l a b l e  com-  
b i n a t i o n s  of  l o g  c o n v e r t e r  o u t p u t  s c a l e  f a c t o r  
and r e c o r d e r  Y-range, (see Appendix 2 ) .  

Log-Conver ter  
Output S c a l e  

F a c t o r  

5  

5 

10 

10 

20 

20 

Recorder 
Y-Range 
(mv./cm. ) 

.25 

.5 

.25 

05 

.25 

I . 5  

1 

Y-Scale 
Reduction 

1 

r" 
1 

L 

Height  
One Decade 

( D )  cm.  

161.4 

80.7 

40.4 

5 

5  

10 

10  

20 

20 

2 .5  

5 

2 . 5  

5  

2.5 

5 

1/8 

1/10 

20.2 

16 .1  

) 1/20 

p / 4 0  

l 
1/80 

.8 .1 

4 

2 



S l o p e  
p a r e n t  
aY 

v s .  X 

D i s t a n c e  "a" i s  a r b i t r a r i l y  c h o s e n .  
(When a i s  2 . 5  c m  t h e  s c a l e  w i l l  f i t  
most  c u r v e s  o b t a i n e d  w i t h  t h e  d e s c r i b e d  
e q u i p m e n t ) .  

c u r v e  

E'ig. 1 S l o p e  Measur ing  A i d  



opposite sign due to reversing of scan direction. A maximum 

slope value of 6 was found adequate for the described 

equipment. 

3.0 EQUIPMENT .AND OPERATION 

The SEM (Cambridge S-4) is operated in reflective and 

electron beam induced current (EBIC) mode for alignment of 

diode areas to be used for measurement. The diffusion 

length measurement, i.e., the recording of the log I vs. x 

curve, is done with a line scan of the e-beam under the 

control of a Princeton GamrnaTech. Model 303 display and scan 

generator in conjunction with a PGT Cornparascope I1 

Xulti-Channel Analyzer. 

The EBIC from each of up to four test diodes in turn (see 

Sef.  2 for description of 4=probe sample ~tage) ic fcd 

through the control unit and SEM-SCA to a Model HP7561A 

logarithmic converter (see Fig. 2). The converted current 

signal is fed to a Model HP 7045A X-Y recorder. (Note: see 

Ref 2 - Fig. 4 for schematic diagram of control unit). 

4.0 SAMPLE PREPARATION 

'-1 . 1 Polishcd Wafers 

Schottky barriers cannot bc used,with polished wafers, 



C a m b r i d g e  S - 4  
S E M  

PGT mod. 3 0 3  
d i s p l a y  & s c a n  
g e n e r a t o r  
PGT c o m p a r a s c o p e  I 1  
mu1 t i c h a n n e l  a n a l y z e r  

S E M  s p e c i m e n  
a m p l i f i e r  

L o g  
C o n v e r s i o n  

Fig. 2: Diffusion length measurement 
current flow and equipment chart 

HP mod,. 7561A 
l o g a r i t h m i c  c o n v e r t e r  

L o g  I v s .  x 
c u r v e  
r e c o r d i n g  

HP mod 7045A 
X - Y  r e c o r d e r  



since they result in excessive noise and repeatability 

problems. This may be due to the large area diodes re- 

quired for diffusion length measurements. Therefore, 

diffused junctions are used. If diodes diffused 

through oxide masking cannot be obtained, mesas may be 

etched on blanket diffusions. The mesas are then 

cleaved, and diffusion length measurements are made on 

the cleaved surfaces. Etched mesas alone cannot be 

used for diffusion length measurements due to perimeter 

and surface etching effects. However, the mesas are 

useful in conjunction with cleaving where they prevent 

junction shorting. The vertical junctions obtained in 

this way provide the additional advantage of constant 

distance to electron impact area regardless of 

genetration depth. 

4.2 Silicon Ribbon 

Schottky barriers are preferred for diffusion length 

measurements on silicon ribbon. B a r r i e r s  produced with 

2000 8 of evaporated aluminum give satisfactory 

results. This may be due to surface roughness and/or 

carbon deposits on ribbon surfaces. 

The cleaved mesa technique ' presents some difficulty 



when used w i t h  r i bbons .  The o f t e n  c l o s e l y  spaced  

boundary and d e f e c t  l i n e s  i n  r i b b o n s  are n o t  

d i s c e r n a b l e  when t h e  sample i s  i n  measurement p o s i t i o n  

(edge v i ew) .  T h i s  can  cause  l o s s  o f  area 

i d e n t i f i c a t i o n .  

5 . 0  EQUIPMENT SET-UP 

The l o g a r i t h m i c  c o n v e r t e r  and X-Y r e c o r d e r  a r e  connec ted  as 

shown i n  Fig .  3 .  The 2 0 . 4  KO r e s i s t o r  a c r o s s  t h e  r e c o r d e r  

i n p u t  t e r m i n a l s  i s  r e q u i r e d  f o r  impedance matching (see Ref. 

3 ) .  F i g u r e  3 shows t h e  p o l a r i t y  f o r  a Scho t tky  d i o d e  on 

P-type m a t e r i a l .  A s  s t a t e d  e a r l i e r ,  Scho t tky  b a r r i e r s  are 

p r e f e r r e d  f o r  r i b b o n s ,  w h i l e  d i f f u s e d  j u n c t i o n s  a r e  ~ l s e d  f o r  

wa fe r s .  

5.1. Scanning E l e c t r o n  Microscope (SEMI 

The SEM i s  set up f o r  EBIC mode w i t h  condenser  l e n s  

c u r r e n t  a s  f o l l ows :  

Lens 81 : .54 a ,  

Lens # 2  : . 2 2  a. 

B e a m  C o n t r o l  E f f ~ i ~ m e n t  



SEM s t a g e  

M e t a l  
1 S c h o t t k y  b a r r i e r  I r I i 

I S e r n i c o n a u c t o r  P - t y p  

- -. -- 

a -. - 
C o n t r o l  b o x  - 

I 

X - Y  r e c o r d e r  

HP7045A 

L o g  c o n v e r t e r  

* 

F i g .  3 :  Equipment connections 



Multi-Channel Analvzer (MCA) 

1. The cycle switch (in rear) is set to "RE- 

to prevent damage to the CRT .by a 

stationary beam at the end of a scan. Note: 

This switch affects the scan time setting (as 

will be discussed under "scan time" in the 

section on operating procedures). 

2. In the MCA Program section, the Spectrum/ 

Time Scan switch is switched down to "The 

Scan." All other program switches should be 

in the UP position. 

3. MCA power is switcheci on, and three minutes . 

allowed for warm-up. . . 

Display & Scan Generator. (DSG) 

. 1. The scan direction is set by the "X" switch 

(G or -1 in rear of the DSG. This allows 

scanning toward or away from the junction as 

desired. 

2. The DSG Function Switches are set'as follows: 



#1 on "SCAI'U"' 

# 2  on "LIlIJl2" 

# 3  on "DSG" 

3. A scan l e n g t h  of  2 crn (on CRT s c r e e n )  has  

been found adequa te  f o r  a l l  d i f f u s i o n  l e n g t h s  

encountered.  T h i s  v a l u e  i s  obtaineG when the 

"X expand" p o t  i s  set  a t  1.0. o t h e r  l e n g t h s  

may be o b t a i n e d ,  i f  r e q u i r e d ,  by varyi.ng. the  
I 

set t i n q  . 

6 . 0  SN4PLE SET-UP 

Samples are p l aced  on t h e  SEM s t a g e  a t  0' t ilt, ( l ~ o r i z o n t a l )  

I t  i s  p r e f e r a b l e  tu scar1 p e r p e 1 1 i l i c u l ~ i . 1 ~  Lo Lhe edge of  a 

square or rectangular j u n c t i o n  area, ur rad id . l ly  i1 a 

c i r c u l a r  d i o d e  i s  used.  Thus, t h e  s can  p a t h  w i l l  l i e  a long  

t h e  s h o r t e s t '  d i s t a n c e  from e-beam impact  p o i n t  t o  j u n c t i o n  

a r e a  edge.  The gene ra t ed  e l e c t r o n s ,  which t r a v e l  t o  the 

c o l l e c t i n g  f i e l d  by t h e  s h o r t e s t  p a t h ,  w i l l  thus t r a v e l  

nlony t h e  s c a n  p a t h ,  r e s u l t i n g  i n  a wel l -def ined  c t r a i g h t  

s e c t i o n  of t h e  l o g  I vs .  x curve.  



7.0 OPERATING PROCEDURES 

The selected diode is connected on the control unit to the 

SCA. It is observed in normal EBIC mode and aligned for 

scanning at low magnification (50 x for a 60 mil dia. 

diode). The diode nay be outlined on the CRT screen with a 

grease pencil to mark its position when the image disappears 

upon switching to line scan mode. 

The SEM is placed in line scan mode by setting the scan 

generator as follows: 

a. switch "Visual Raster" to "EXT." 

b. Switch "Vert./Hor." to "ExT." 

The EBIC image will disappear and a spot image will mark the 

beam location. The intensity on both CRT's may have to be 

turned down to avoid burning them. The MCA "Stop" button 

should be depressed to stop scanning and allow placement of 

the beam at the desired scan location. (Pushing the "stop" 

button returns the beam to scan start position). To place 

the beam, the spot is moved by two pots on the DSG: 

Y direction: "Scan Position" Pot 

X direction: "X OFFSET" Pot 



After the beam has been moved to the desired scan location 

with the "Scan Position Pot.," to first move the spot out- 

side the junction area (as marked on CRT screen) with the "X 

OFFSET" pot, it is then moved slowly toward the area until 

the "INPUT LEVEL1' meter on the log converter shows a maximum 

in the "operate" region. This indicates that the junction 

edge has been reached. It is desirable to leave the beam at 

the starting point for 10-20 seconds before starting the 

scan to allow the area to reach equilibrium conditions. 

The scan is started by depressing the MCA start button. 

Simultaneously, the recorder pen is started to record the 

log I vs. x curve. The slope of the curve should lie be- 

tween 1 and 6, and the straight sectinn'should be as long as 

possible for measurement ease and accuracy. Since the EBIC 

level varies for different san~ples, the SCA current range 

and the following five parameters have to be adjusted tu 

obtain the desired curve. (Note: see Table 11 for SCA 

amplification) , 

7.1 Scan Speed Adjustment 

The time for beam travel over the previously chosen 

scan length is set or. the MCA. When the scan has been 



TABLE 11. S p e c i m e n  C u r r e n t  A m p l i f i c a t i o n  B y  SCA of C a m b r i d g e  
S-4 Scanning E l e c t r o n  Microscope 

1 . 
CURRENT RANGE 
SWITCH SETTING 

10-12  

lo - '  

10-I O 

l o w 9  

. . lo-* 

1 o - ~  

1 o - ~  

1 o - ~  

1 o - ~  

J 

t 
AMPLIFICATION 

, 

A, L o g  As 

(X 

l o 8  8 

107  7 

l o 6  6 

l o 5  5 

l o 4  4 

l o 2  2 

l o 1  1 1 ,  

* 

INPUT SPECIMEN CURRENT RANGES FOR 
CURRENT RANGE FACTOR METER READINGS 

l o o  

M I l J  . 
(OUTPUT .1 MA. ) 

10-12 

-1 1 
1 0  

10-I O 

1 ir9 
1 o - ~  

-7 
1 0  

-6 
1 0  

1 o - ~  
-4  

1 0  0 

I 

MAX. 
(OUTPUT 1 MA) 

10-I  ' 
-1 0 

1 0  

1 o - ~  
1 o-8 : 

-7 
1 0  . 
-6 

1 0  
-5  

1 0  

1 o - ~  
- 3 .  

1 0  

. 



s e t  f o r  "RECURRENT" ( s w i t c h .  a t  rear of  MCA) a  s e t t i n g  

of 1  on t h e  "PRESET SEC/COUNT" d i a l  g i v e s  a  scan t i m e  

of 9000 seconds,  ( I @ - '  = 100 seconds,  e t c . ) .  The ' 

"MULTIPLIER" swi tch  g i v e s  m u l t i p l e s  of t h e s e  v a l u e s  as  

i n d i c a t e d .  (Note: When t h e  swi t ch  i s  i n  " s i n g l e "  scan  

p o s i t i o n  t h e  t i m e  v a l u e s  a r e  doubled,  i . e . ,  1  = 2000 

seconds ,  e t c .  ) . 

The scan  speed affects t h e  s l o p e  of  t h c  curve .  

7.1.1 Log Conver te r :  I n p u t  A t t enua t ion  

The i n p u t  a t t e n u a t i o n  a f f e c t s  t h e  v e r t i c a l  l o c a t i o n  of 

t h e  c u r v e  on t h e  r e c o r d e r  c h a r t .  To move t h e  c u r v e  up 

on t h e  c h a r t ,  t h e  i n p u t  a t t e n u a t i o n  i s  reduced,  and 

v i c e  v e r s a 6  

7.1.2 Loq Conver te r :  Output S c a l e  F a c t o r  

\ 

The o u t p u t  s c a l e  f a c t o r  a f f e c t s  t h e  Y-scale of  t h e  

cu rve .  Lower v a l u e s  expand t h e  cu rve ,  h i g h e r  v a l u e s  

r educe  t h e  Y-scale. Consequent ly ,  t h i s  parameter  

a f f e c t s  t h e  decade h e i g h t  ( D )  used i n  t h e  d i f f u s i o n  

length c a l c u l a t i o n ,  (see Tnhlc  I ) .  



7.1.3 Recorder: Y-Range 

The X-Y r e c o r d e r  Y-range a l s o  a f f e c t s  t h e  Y-expansion 

of t h e  cu rve  and t h u s  t h e  h e i g h t  ( D )  of a decade of 

c u r r e n t ,  (see Table  I ) .  

7.1.4 Recorder:  Sweep Rate ( T i m e  Base X )  

The X-Y r e c o r d e r  sweep r a t e  a f f e c t s  t h e  s l o p e  of  t h e  

l o g  I vs .  x curve .  

The scan  i s  complete when t h e  c u r r e n t  has  l e v e l l e d  o f f  

t o  background va lue  . a t  t h e  low end of t h e  cu rve  ( i f  t h e  

scan is  away from : j unc t ion  a r e a ) .  When t h e  scan  i s  

made toward t h e  c o l l e c t i n g  f i e l d ,  t h e  end c u r r e n t  w i l l  

l e v e l  o f f  t o  , t h e  f u l l  E B I C  va.lue i n  t h e  d i o d e  a r e a .  

Upon comp1,etion of t h e  scan ,  t h e  r e c o r d e r  i s  switched 

. . t o  "RESET" t o  l i f t  and r e t u r n  t h e  r eco rd ing  pen. The 

"Stop" b u t t o n  on t h e  MCA i s  tllen depressed  t o  stop t h e  

scan and r e t u r n  t h e  beam t o  t h e  s t a r t i n g  p o s i t i o n .  

8 .0  RESULTS 

Subsequent s cans ,  made over  t h e  same p a t h ,  r e s u l t  i n  lower 

o v e r a l l  c u r r e n t  l e v e l s .  Th i s  i s  due t o  a charg ing  e f f e c t  i n  



t h e  m a t e r i a l  (see Ref. 4 ) .  

I n  g e n e r a l ,  d i f f u s i o n  l e n g t h  v a l u e s  f o r  m a t e r i a l s  measured 

f e l l  between 4 and 40 um. E p i t a x i a l  l a y e r s  w e r e  a t  t h e  low 

end of t h i s  s c a l e .  Valces  measu red ' i n  known d e f e c t  a r e a s  on 

r i b b o n s  were u s u a l l y  10-30% lower t han  t h o s e  measured i n  t h e  

sur rounding  good m a t e r i a l .  

9.0 CONCLUSION 

The system d e s c r i b e d  p rov ides  a  r e l a t i v e l y  s imple  and r a p i d  

means f o r  d i f f u s i o n  l e n g t h  measurements on semiconductor 

m a t e r i a l .  The c o l l e c t i n g  f i e l d s  may be provided by e i t h e r  

d i f f u s e d  j u n c t i o n s  o r  Schot tky  b a r r i e r s .  

The r e s u l t s  canno t  always be c o r r e l a t e d  wi th  t h o s e  ob ta ined  

w i t h  other d i f f  u s i v ~ ~  leiig Lls nsasurexnent t echniqucc  f o r  t h e  

' s a m e  m a t e r i a l .  I-fowever, t h e  method i s  u s e f u l  f o r  e v a l u a t i n g  

m a t e r i a l  t h rough  r e l a t i v e  v a l u e s  of  d i f f u s i o n  l e n g t h .  
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APPENDIX 

1; Derivation of diffusion length measurement equation 

(eq. 2) from theoretical expre'ssion (eq. 1). 

Given I * e -x/Ln eq. 1 

taking log of both sides: 

X log I = -  - (log e) 
Ln 

( 
log e 

or log I = - ) x, which is in the form of the 
Ln 

straight line equation: 

109 e 
where y = - - = slope of the straight line 

Ln 

let y = one decade of log current (see App. , Fig. 1) 

- (a+l) 
then log 10'~ - log 10 = (-) 

(X2 
- X 

Ln 1) 

or - a + (a+l) = ( s e ) A x  = 1 
Ln 

and L ' = (log e) AX n eq. 2 



o n e  
d e c a d e  

Appendix Pig. 1: Log current vs. distance from 
e-beam impact point to collect- 
ing junction for derivation of 
diffusion length measurement 
equation. 



2. . A  Mathematicai Relationship Between Sample Current and 

Recorder Pen Travel in the Y-Direction - Includes a 
Derivation of "D" (recorder pen Y-excursion for input 

change of one decade of log current. 

a. Log Converter Signal Processing 

The instrument 'has an output of 60 mv. for a one 

volt input with zero attenuation and an output 

scale factor of 1'0 db/in. (Ref. 4). (For a 1 mv. 

.input the output will be almost zero.) The basic 

input range is 1 mv. to 1 volt, with a corre- 

sponding linear output range from slightly greater 

than zero to 60 mv. The instrument's input ratlo 

is thus 1000/1. 

The basic equation for expressing power levels by 

voltage ratios is: 

decibels (db) = 20 log E 2 / ~ 1  eq, 1 

Substituting the instrument input ratio in eq, 1: 

eq. 2 

(The basic range is' thus 60 db). 

39 



. . 

It follows that the'output of the instrument is 

proportional to che logarithm of the input (since 
, . . . 

the output for a ~ O O O  mv. input is 60 m6) thus: 

output = 20 log input 

output 
or log input = 

. 20 . . . 

. , 

(.with zero attenuat.ion and an output scale factor 
. . ,  , 

of 10 db/in). 

. . , . 

Input attenuation settings other than zero will 

affect the output according' to a general equation 

(eq. 4) derived as 'follows: 
. c 

E~ from ey. I : - = 10"OSN where N = db. 
E l  

in ut thus: log 2 = 
output 

10.  OSN 20 
eq. 3. 

where N is the input attenuation setting in db. 

out'put ' . . 
or log input = - a .05N 

20 

, . 
The output divisor ( 2 0  in eq. 4) is rebated to the 

output scale factor as follows: . . 

output divisor = 200 (Scale  actor)-I eq.. 5. 



Thus, with output scale factor 5 of db/in., for 

example : 

output 
log input = + .OSN 

40 

The general expression describing log converter signal 

processing can thus be written: 

- 3  -2  
log Vi = ( 5 x 1 0  F ) V  + 5 x 1 0  N 

0 
eq. 6 

which reduces to: 

where Vi = ,input voltage in mv. 

V = output voltage in mv. 
0 

F = output scale factor (db/in.) 

N = input attenuation (db) 

b. Kelationship Between Sample Current and ~eCOrder  

Pen Y-Excursion. . 

The general expression for log converter signal 



Note : 

process ing  (eq. 6 ,  p a r t  a . )  f o r  convenience, may 

be w r i t t e n :  

log  Vi = avo + b  eq-  1 .  

where a  and b a r e  cons tan t s  determined by t h e  l o g  con- 

v e r t e r  s e t t i n g s .  Ohm's low i s  app l i ed  t o  o b t a i n  log  

i n p u t  i n  terms of c u r r e n t  s i n c e  log  c u r r e n t  is  t h e  

o r d i n a t e  of t h e  log I vs.  x p l o t  whose s lope  determines 

d i f f u s i o n  l eng th ,  

l e t  Ri = l o g  conver ter  inpu t  impedance i n  ohms 

i = i n p u t  c u r r e n t  i n  ma 

"i then:  l o g  i = log  (-) = log Vi - l o g  R 
R : i 

s u b s t i t u t i n g  from eq. 1:  

eq. 2. 

- 
The i n p u t  impedance given i n  Ref. 4 is  - 2 meg, n. 

It was checked by e lec t rometer  and found t o  vary 

6 6 from 2 x 10 52 t o  2 .2  x 10 52 depending on inpu t  

a t t e n u a t i o n  s e t t i n g .  Log Ri t h u s  v a r i e s  from 



6.301 t o  6.342. A rounded va lue  of  l o g  R = 6 .3  
i 

r e p r e s e n t s  an e r r o r  of less than  2 % .  

The l o g  c o n v e r t e r  i n p u t  c u r r e n t  (i) i n  eq. 2 i s  t h e  EBIC 

from t h e  sample as ampl i f i ed  by t h e  SCA. 

.'. l o g  i = l o g  ( i s A s )  

Where . i =. EBIC from sample 
S 

A, '=  Ampl i f i ca t ion  f a c t o r  of  SCA (g iven  i n  

Table  11. 

It  fo l lows  t h a t :  

l o g  i = l o g  is + l o g  AS 
I 

Thus; t h e  o r d i n a t e  of  a " l o g  I vs .  x" 

cu rve  (where I = i ) is: 
S 

l o g  is = l o g  i - l o g  eq.  3 

Note : The v a l u e s  f o r  l o g  AS, are d i g i t a l , ,  va ry  from 

0 t o  8 and a r e  g iven  i n  Tablc  11. 

S u b s t i t u t i n g  eq. 2 i n  eq. 3: 



log is = aV + b - log Ri - log A (ma) 
0 S 

= a (Ry) (Y ) + b - log Ri - log AS 
r 

where R = Recorder Y-range setting mv./in. 
Y 

Y = Pen Displacement on Y axis (inches) 
r 

- 1  
Thus: Y = (aRy) (log is-b+log R.+log A ) 

r 1 s 
eq. 4. 

C. Derivation of. "D" (Recorder Pen.Displacement for an 

Input Change of One Decade of Log Current) 

The relationship between.recorder pen displacement (Y r ) 

and sample EBIC (i ) is given by eq., 4, part b. The 
S 

change in recorder pen displacement due to a change of 

sample EBIC follows : 

(log i -b+logRiclogA )-(log i r S1 S ='2 

- 1  
= (aR ) (log 1 -log i 

Y =1 '2 

or BYr = (aR ) (A log is) 
Y 

eq. 1. 

The desired value "D" is A Y as shown in eq. 1  for r '  

( A  log is) equal to one decade. In Appendixsection 1 ,  

it was shown that one decade of log current is equal 



to unity, 

eq. 2. 

Thus, equation 2 shows that the required value "D", as 

given in Table I, depends only on the rec0rder.Y-range 

setting (R ) and the log converter output scale factor 
Y 

(F )  in the relationship a = 5 x I Q - ~ F .  Note: If R is 
Y 

in mv./cm., D will be in cm. (Eq. 2 has been fully 

supported by experimental data). 

Note that the units of the quantities on.each side of 

eq. 2 do not agree. "D", of course, is measured in 

units of length, and eq. 2 does give the correct 

values. The disagreement of units is due to the 

combined use of Ohm's law and logarithms. When this is 

done, the meaning of units is lost, but the numerical 

results will be correct. Section d gives an 

explanation of this. 

d, ' Effect of Logarithms on Ohm's Law 

OHM'S LAW IN 
STANDARD TERMS 

OHEI'S LAW IN 
LOGARXTHMIC TENIS 

v (volts) =I (amps) XR (Q) logV ('"log volts") =log1 ("log amps") 

+logR ("log ohms" ) 

log V = log IR = log I + log R 
v 

log I = log- = log V - log R 
R 



Therefore: 

Unit-wise: 

Volts and "log volts" can be "handled 

mathematically" with each other, i.e., they can be 

divided/multiplied by each other, or added to and 

substracted from each other, and the result will 

have the units of volts. 

The same applies to "log amps" and amps - the 
results will hav.e the units of amps. 

It also applies to "log ohms" and ohms, where the 

results will be in ohms. 

but: - 

Volts cannot be handled with log amps or log ohms, 

Amps cannot be handled with log volts or log ohms, 

Ohms cannot be handled with log volts or log amps, 

i . e .  , V (volts) - #  log I (log amps) x R (ohms) etc.. . 

During the transformation from Y to AYr (eq. 1 
r 



part c, to eq. 4,part b), several numerical quantities were 

cancelled.  h his could not be done if units were to be 

preserved,. The numerical results for eq. 1 ,  . part c, 

however, are correct. Note that the units on both sides of 

eq. 4, part b, do agree and are units of length. Log i , in 
s 

that equation, is in units of log amps, log R in units of 
i 

log ohms and R in units of volts per unit length. The 
Y 

quantities a, b and A have the effect of dimensionless 
s 

constants and need not be considered. It follows that since 

log amps + log ohms = log volts, OR volts the units of this 

equation (part b, eq. 4) 'agree and are units of length. 





EQUIPMENT & PROCEDURE FOR DEFECT DISPLAY UNDER MOS STRUCTURE 

IN SILICON RIBBON FOR LIFETIME INTERPRETATION 

R. G. Dessauer and E. W. Hearn 

1.0 INTRODUCTION 

Investigations have shovm that twin and grain boundaries and 

associated dislocations in silicon ribbon degrade life time, 

(Ref. 1) . In this previous work, lifetime in areas con- 

taining ,such defects was measured by means'of circular P1OS 

capacitors. It is desirable to investigate the electrical 

activity of the various defects under these capacitors so 

that their individual effect on life time can be more 

closely established. 

Subsurface defects in semiconductor structures are routinely 

displayed by a scanning electron microscope (SEM) in 8EBIC 

mode. The structures must contain collection fields such as 

are due to diffused junctions or Schottky barriers. The 

various defects act as recombination centers, locally 

reducing EBIC and thus providing contrast for their display. .. 



The intensity of contrast is taken as a measure of their 

electrical acitivity. 

MOS structures may be similarly examined in EBIC mode if 

conduction through the oxide is obtained. A technique for 

this (Ref. 2) is applied to 5 mm dots such as described in 

Ref. 1. The previously-measured lifetime value corre- 

sponding to each capacitor can then be correlated with the 

total electrical activity of defect lines within each dot. 

The relative electrical activity of the various types of 

defects, identified subsequently by,etching, light optical, 

and transmission electron microscopy may be evaluated by 

correlation with the EBIC micrographs, (Ref. 3). 

2.0 EXPERIMENTAL 

2.1 Emplc Preparation G D e s ~ ~ . i p L i u l ~  

The ribbon material, MOS process, capacitor lay-out and 

dot size are fully described in Ref. 1, (pp. 2-3). The 

samples are cut square, approximately 9.5 mrn per side 

to fit the four-probe SEN sub-stage described later. 

The two resulting dot patterns permit full utilization 

of the sub-stage probes. The patterns are shown in 

Fig. 4. 



I warer # 3 1 1 - 3  

Wafer 

Fig. 4. MOS Dot Pattern for SEM EBIC Mode Testing 



2.2 Equipment & Instrumentation 

The scanning electron microscope used in this work is a 

Cambridge-Imanco Model S-4 with a Series 200 micro- 

analysis sample stage. The stage has been adapted to 

accept a specially designed 4-probe sub-stage. A 

close-up view of the substage Fig. 5a is seen installed 

on the Series 200 sample stage in Fig. 5. 

The sub-stage consists of four movable probe holders 

mounted within the periphery of the stage body. 

Bias thermal stressing (BTS, Ref. 2) is applied to the 

samples at -20V and 3 0 0 ~ ~  for 20 minutes. The samples 

are cooled to 50°c the stressing voltage, and examined 

at room temperature. 

The four probe pins are clamped in slotted brass balls 

by means of retaining screws, one of which serves as an 

electrical connection. The pins may be coarsely 

positioned within the brass balls. The balls are 

mounted in sockets electrically isolated from the probe 

holder bases. The probe holder mechanism provides the 

fine adjustment. 



Fig. 5. SEM-EBIC Substage in Place on Series 200 Sample Stage 

Fig. 5a. SEM Substage for MOS EBIC Moae Testing 



Vertical and horizontal probe position adjustment is 

obtained with single spring loading of each probe 

holder against three round-nosed adjustment screws. 

The two horizontal (X-Y) alignment screws are located 

in the sub-stage periphery, They also serve as swivel 

points for the vertical movement as the lifting screw 

bears against the bottom of the probe holder. Contact 

pressure to the sample may be adjusted by varying the 

angle of the probe pins prior to clamping. The sub- 

stage accepts standard 1.27 crn SEM sample stubs and in- 

cludes a stub clamping screw. 

A convenient fixture for loading the sub-stage is shown 

in Fig. 6. This stand includes built-in, vertically 

sliding screw driver rods, which are raised for engage- 

ment with the probe lifting screws, Guides are pro- 

vided for the horizontal adjustment and sample stub 

clamping screw drivers, The sub-stage is held in place 

during loading by means of two Locking rods, These 

also position it within the stand so that all screw 

drivers and guides in the stand are aligned with the 

appropriate screws in the sub-stage. A lifting pin in 

the stand facilitates removal of the sub-stage. A 

contact screw and electrical jacks provide fox 



Fig. 6 .  Substage Loading Fixture 



connection of a capacitance meter (Bosnton Electronics 

Corp. Model 71A-R) to assure proper pxobe contact. 

A schematic of the circuit used to apply reverse bias 

voltage to the samples is given in Fig. 7. A reversing 

switch is provided to permit processing of NOS 

capacitors on either P or N type substrates, 

Each of four MOS capacitors may be connected alter- 

nately to either the specimen current amplifier (SCA) 

and voltage source, or the capacitance meter. Display, 

recoxding and probe pin contact check may thus be 

performed for all four capacitors consecutively without 

opening the specimen chamber. The sample may be 

grounded without blas voltage by turning the bias cun- 

-01 to zero. 

2.3 Procedure 

The sample is installed and probe pin contact is 

checked with the capacitance meter. The SEM is set up 

for  specimen current mode. Condenser lens current 

values used are .55 and .22 amps for lenses No. 1 and 

No. 2, respectively, with full collector voltage. An 

accelerating voltage of 30 KV is used to penetrate the 

metal and oxide layer. 



1 1 D i s p l a y  I ----- 
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Fig. 7.  Reverse b ias  v o l t a g c  a p p l i c a t i o n  c i r c u i t  



The capacitors are selected and aligned in reflective 

mode. They must be identified by their probe pin 

positions since the unbiased aluminum dots are in- 

visible in this mode. A sample orientation scheme 

should be used to assure that each capacitor is con- 

nected into the circuit when selected. 

The selected capacitor may then be observed and 

positioned in specimen current mode amp. range). 

Bias voltage is applied gradually until a good EBIC 

display results (loo6 to amp range). The capaci- 

tor may now also be observed in reflective mode as it 

becomes outlined by negative voltage contrast. A 

satisfactory EBIC display of defects usually requires 

from 10 to 40 volts bias. 



3.0 RESULTS 6 DISCUSSION 

A good EBIC micrograph is shown i n  Fig. 8. Defect l i n e s  and 

ds  of varying cont ras t ,  indicat ing r e l a t i v e  e l e c t r i c a l  

a c t i v i t v ,  arz,,. seen cro,ssing t h e  MOS capacitor .  ; ? , & , g & - . ~  , -$4J?yj46-7h . : .. . 
,:>d>#;;rF;i'&~: , <z&ig& . ' 

~3 i '8 

B i a s  -10  V 

BTS - 2 0  V @ 300°C 

EBIC 4 x l o - '  a 

50X Mag. 

Fig. 8. SEM EBIC Micrograph of MOS Capacitor 
on S i l icon  Ribbon 

I n  some cases  an EBIC display is not  obtained u n t i l  local-  

ized breakdown of t h e  oxide occurs, usual ly  a t  a b i a s  i n  

excess of 50 vo l t s .  After  breakdown, EBIC displays  a r e  



obta ined a t  normal b i a s  vo l t ages  ( 4 0 ~ ) .  However, a sharp  

change of c o n t r a s t  occurs  a t  t h e  breakdown point .  The po in t  

itself appears  a s  a b r i g h t  spo t  due t o  t h e  high c u r r e n t  a t  

t h i s  loca t ion .  This i s  i l l u s t r a t e d  i n  Fig. 9 ,  which shows 

two views of t h e  same capac i t o r  scanned v e r t i c a l l y  (A. t a p  

t o  bottom) and ho r i zon t a l l y  (B. l e f t  t d  r i g h t ) .  The 

breakdown po in t  appears  a s  a b r i g h t  spo t  a t  t h e  l e f t  s i d e  of 

t h e  capac i t o r  s l i g h t l y  below t h e  dark de fec t  l i n e .  It  can 

be seen t h a t  i n  both micrographs t h e  c o n t r a s t  change occurs  

a t  t h e  breakdown point .  

4.0 SUMMARY 

The scanning e l ec t ron  microscope i n  EBIC mode is a use fu l  

t o o l  t o r  t h e  d i sp l ay  of d e f e c t s  under MOS capac i t o r s  pre- 

v ious ly  t r e a t e d  wi th  Bias Thermal s t r e s s i n g .  

A f e a t u r e  of  t h i s  method is  t h a t  lifetime va lues  measured 

f o r  t h e  m a t e r i a l  loca ted  under each capac i to r  can be i n t e r -  

p re ted  by d i r e c t  examination of d e f e c t s  i n  t h a t  mate r ia l .  

Furthermore, t h i s  is  done without d is turbance  of t h e  over- 

l y i n g  m e t a l  o r  oxide. 

The use of t h e  technique i n  t h e  evaluat ion  of t h e  e l e c t r i c a l  

a c t i v i t y  of d e f e c t s  is  i l l u s t r a t e d  i n  Ref. 3. 



T o p  t o  Bottom 
Vertical S c a n  

.,/ . 

/ 
Bias -20 

A. B T S  -20 

E B I C  2.3 

Left t o  Right 
Horizontal S c a n  

50X Mag. 

Fig. 9. SEM-EBIC Micrograph of MOS Capacitor 
Showing Change of Contrast at 

Oxide Breakdown Points 

The original design concept for the 4-prabe SEM sub-stage 

was developed by R. J. Lang, Dept. 454, IBEl Research, York- 

town Height, New York. 
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RIBBON TECHNOLOGY ASSESSMENT: 1 97 6- 1  986 (PART I) 

SY 

A. Kran 

1 . 0  INTRODUCTION 

Czochralski technology represents a well established 

manufacturing capability. Accordingly, any other silicon 

sheet technology development program, considered proficient 

enough to compete with Czochralski , .  technology for $5OO/kWE 

solar array production contracts, 'must be phased into 

manufacturing now. Programs not yet ready, should redirect 

their efforts to capture a share of. the post 1986 $<500/kWE 

market. . . 

This and our next (final) report will summarize ribbon 

technology from today's vantage point. . We will provide. 

direction for approaching--through ribbon technology--the 

1986 $>500/kWE - solar array energy capacity cost objective. 

The examination -will focus on how to bridge from today's 

technology development efforts to a specific level of 

manufacturing competence, ,using the principles 'of 

manufacturing science. 



Briefly, inanufacturiny science is characterized by a 

systematic effort aimed'at narrowing the gap between art and 

science through automation, computers, and cybernetics. It 

may be thought of as an action plan for moving technology 

into full-scale production in a rapid, predetermined manner. 

As for low-cost sheet, the schedule is already defined, 

requiring manufacturing technology readiness in the early 

'80s and a large-scale production capability before '85. 

As an application of manufacturing science, consider ribbon 

growth. If it is to remain a contender for future low cost 

sheet material, this complex art then must be tranformed, in . 

accordance with the just-mentioned schedule, into a highly 

automated production system. Such a system would require, 

in the best case, no more than a "start-stop" pushbutton for 

operation. In the worst case, it may be permissible for 

ribbon growth to be initiated by means of a 

computer-controlled, operator-assisted feedback mechanism. 

1.1 Silicon Sheet Technology Status 

This silicon ribbon technology analpcic c e o k ~  to answer the 

following question: "Assume that the current Czochralski 

projections (1 986 : $24/m2 sheet material, $1 6O/kWE, 15% 

cell, $10/kg poly) are realistic. Where does ribbon growth 

stand and how does it compare?" 



First, all ribbon technology projections have been reviewed 

with a hard-nosed attitude to ascertain that feasibility of 

particular parameter values has been demonstrated or is 

within reach. Clearly, if ribbon technology is to compete 

with Czochralski technology for $>500/kWE - solar array 

production contracts through 1986, it must be phased into 

manufacturing starting in 1978. Otherwise, it will not be 

ready by 1982, to compete for part of the 30 MW market, or' 

by 1986, to address,the 500 MW market. 1982 is considered 

an intermediate objective leading to the 1986 cost goal. 

Hence, if ' $-5OO/kWE cannot be envisioned with a new sheet 

'technology, then the merits .of the technique should be . . 

re-evaluated at this time, before a commitment to 

manufacturing is made. 

On the other hand, 1986 projected Czochralski technology 

must not escape a similar bull-headed scrutiny. We cannot 

afford to give up. on a potentiaL winner, such as ribbon 

growth, only to find out later, long after the project has 

been terminated, that Czochralski could not deliver, after 

all, $SO.O/kWE arrays. 

Finally, any future (e.g., 1986) cost objective should be 

viewed as a goal, not a firm commitment. The important 

point is to have a number of differing approaches, in order 

to foster a competitive market environment. 



2.0 RIBBOC TECiINOLOGY DEFINITION AND PROJECTIOIJ 

Ribbon technology parameter values were evaluated and 

projected in conjunction with the following schedule: 

A. suspension of further Ribbon Technology Development: 1977/78 

B. Definition and Utilization of Manufacturing Science: 1978/86 

C. Initiate Phasing intofilanufacturing: 1978 

D. Initial Manufacturing Technology Ready: 1980 

2. Pilot Production: 1980/81 

F. Small ScaleProduction ( 1 - 1 0 ~ ~ ) :  1982/84 

G. Large Scale Production (20-100 MW): 1985/86 

Parametcrs are listed, for the years 1976, 1978, 1980 in 

Fig. I., and for the years 4982, 1984, 1986 in Fig. 2. 

These data also represent input parameters to our computer 

simulator of ribbon growth, and are described to the model 

in terms of four categories: 

1. Processing Technology 

2. Direct Manufacturing Cost 

3. Other Costs (Including Prof it) 

4. Miscellaneous Category. 



tLS1 QE BIBRQN eBB4METEBS BUQ THEIR ASSLGNEP it&LUES 

RIBBON DRTA FROM SIMULATIONS 64 65 6 6  F I L E  O P E N E D  11/04/75 

1 RIBBONS GROW SINUL TWFOUSL Y - 1 1 1 
2 RIBBON UIDTH* CN - 5.0  10 .0  10.0 
3 RIBBON GROUTH RRTE.U/HR - 1.32 1 - 7 0  2.03 ..OR AS PCT 3 0  35 40 
4 RIBBON THICKNESS, HH - 0.40 0.30 0.30 
5 YIELD OF CELL QURLITY" RIBBON, PCT - 70 8 0  8 0  

I CQSI 
6 '#%ON FURNICE, DOLLRRS - 50000  50000  50000 
7 EQUIPPIENT L I F E ,  YEARS - 7 .0  7 . 0  7 .0  
0 INTEREST RATE) PERCENT - 10.0 10 .0  10.0 
9 EQUIPHENT RVAIL4BZLZTYe PERCENf - 70 8 0  80 

PERSONNEL PER SHIFT PER hRCHINE 
10 11 NO. OF SUPUS - 0.05 0 .05  0 .05  c)T B - 25000  25000  
12 13 NO. OF ENGRS - 0.10 0,:O 0.10 fir B - 20000 20000 
14 15 NO. OF TECHN - 0.50 0.25 0.10 AT 8 - 10000 10000  
16 POLY S IL ICON COST* DOLSJKG - 6 5  6 0  4 5  
17 POLY YIELD TO RIBBONSPFRCENT - 6 0  8 0  85 

SERVICES @ND SUPPLIES h 

18 CRUCIBLE/DIE/PRRfS COST PER DGY - 30 25 2 5  DOLL 
19 POUERCOSTAT - 0.05 0 . 0 5 0 . 0 5 D O L L r l R S P E R K U H  
2 0  ENERGY TO OPERfiTE EQUIPMENT - 12 11 I 1  Kt l  

25000 
20000 
i o o o o  

21 22 Q/& - . 100  100  1 0 0  PCT OF PERS+ 25 2 5  25 PCT OF RcHJ H4TL COST 
23 G-SIlQA - 25 2 5  .25.PERCENT OF DIRECT COST *OVERHEfiD 

UISEU,C4&EQU$ 
;cS UO KUEEK* ti URS - 1 6 8  1 6 8  168 
26 CONVERSION EFFICIENCY, PERCENT - 8.00 11.'00 12 .00  
27 ENERGY DENSITY RT AMlrKW/SQ H PEAK - - 1 1 1 

13t2Sr29 SEP 3C,197? 

Fig. 1. Ribbon ~ e c h n ~ l o g y  Parameter Values 1976-1980 



RIBBON D f i f A  FROM S I M U L A T I O N S  67 68 69 F I L E  OPENED 11/04/75 

1 RIBBONS GROUN SIHUL 7l))lJEOUSLY - 1 1 I 
2 RIBBON WIDTH* CH - 1 0 . 0  10.0 10.0 
3 RIBBON GROUTH RAfE*M/HR - 2 +28 2'.54 3.05 . .OR AS P C 1  45 50 60 
4 RIBBON THZCKNESS* HM - 0.30 0.30 0.30 
5 Y I E L D  OF CELL Q U ~ ) L I T Y -  RIBBON* PCT - 05 90 95 

PZRECI CQSL 
6 RIBBON FURNACE* DOLLRRS - 50000 50000 SOOOO 
7 EQUIPMENTLIFE* YEARS - 7.0 9.0 7.0 
8 INTEREST RATE* PERCENT - 10.0 10.0 10.0 
9 EQUIPMENT f l V A I L A B I L I T Y *  PERCENT - 80 90 95 

PERSONNEL PER S H I F T  PER HC)CHINE 
10 11NO. OF SUPVS - 0.05 0.05 0 .05 f iTS  - 25000 25000 
12.13 NO. OF ENGRS - 0.10 0 . 1 0  0.10 CIT S - 20000 20000 
14 15 NO. OF TECHN - 0.10 O . i O  0.10 d T  0 - 10000 10000 
16 POLY SILICON COST.  DOLS/KG - 25 15 10  
17 POLY YIELD TO RIBBONSPERCENT - 85 90 95 

SERVICES AND SUPPLIES  
18 CRUCIBLE/DIE/PARTS COST PER DRY - 25 25 25 DOLL 
19 P O l J Z R C O S T A f -  0.05  0.05 0 . 0 5 D O L L A R S P E R K U H  
20 ENERGY TO OPERATE EQUIPMENT - l i  10 9 KU 

21 22 Q - 100 100 100 PCT OF PERS* 25 25 25 PCT OF Rc)W #c)TL COST 
23 G,W&!,B - 25 25 25 PERCENT OF DIRECT COST*OUERHE#D 

24 a Q E L L  BEFORE TAX* PERCENT - 15 15 15 OF DC+O/H+Gafl 

UlSCELtANEQUS 
25 WORKUEEK, HOURS - 168 168 166 
26 CONVERSION EFFICIENCY* PERCENT - 13.00 14.00 15.00 
27 ENERGY DENSITY AT c)MlrKU/SQ M PEClK - 1 1 1 

13130828 SEP 30,1977 

Fig. 2. Ribbon Technology Parameter Values 1 9 8 2 - 1 9 8 6  



Category 1 consist of processing-related parameters, such as 

ribbon width, where a 10 cm capability is now being 

demonstrated. We recommend that further development to 

increase ribbon width beyond 10 cm be postponed unti.1 the 

early '80s, when a vi'able manufacturing technology is firmly 

in place. This technology must be. fully automated, as it 

must produce continuous ribbon of excellent quality (15% 

cell) at a high (95%) yield of "cell quality" material. 

Other parameters in this category are growth rate (expected 

to double between 1976 and 1986), and ribbon thickness 

(unchanged at 0.3 run) . 

Category 2 comprises direct .cost items, such as crystal 

growth system cost. As stated in Quarterly Report :lo. 6 (p.  

83), single ribbon growth systems offer the best potential 

for achieving low-cost si1i"con ribbon material within the 

shortest period of time. Such systems can be implemented 

today through modification of commercially, available 

Csochralski type crystal puiiers at a total cost of .about 

$50,000. Sheet-material cost is rather insensitive to 

variation in capital equipment cost, as can be seen from 

Fig. 3. Also, since ther.e appears to be no evidence of a 

substantive program within industry to develop low-cost, 

reliable ribbon pullers, the $50~00'0 figure was chosen for 

the entire time period (1976-1986). 



F i g .  3. Future Silicon Ribbon Technology: Conversion Efficiency 
vs Ribbon Width for Crystal System Costs. 
(Energy-Capacity Cost, $314/kWE.) 

Crystal-Pu lling System Cost 

1 - $40,000 
2 - $20,000 
3 - $15,000 
4 - $ 4,000 

8, 
7 

6 ,  
5 

- 

1 1 1 1 1 1 1 1 1 I I 1 1 I I 

4 5 6 7 8 9 10 11 12 13 14 15 16. 17 18 19 20 

R l  BBON WIDTH (cm) 



Another key item in category 2 is direct manpower required 

to keep capital equipment operational. 'Planpower is 

. . allocated on a fractiona.1 basis, depending upon the 

charp-teristics of the particular ribbon growth.system. In 

1986, for example, we expect -one technician and one engineer 

to operate and maintain 10 ,highly - automated ( 9 5 %  

availabilit'y) crystal growth systems. One supervisor will 

manage 20 production units. 

The remaining items. are polysilicon cost (JPL projection was 

used), and the yield of raw material, as it is processed 

into ribbo~ form. Because of continuous melt replenishment 

this. yield figure (for ' 1986) is projected at 95%. 

Completing this category are services and supplies, 

consisting 'of expendable parts, power cost, and the amount 

of energy required to operate the equipment. 

Category 3--overhead, general and administrative expenses, 

and profit--are defined as percentages relating to other 

direct-cost-items. These figures have been increased to 

.100$, . 2 5 X ,  and 15% respectively in order to reflect the 

operations of larger firms anticipated to enter this 

business. 

Category 4, miscellaneous items, contains the number of 

ho;rs worked per week, plus solar cell conversion efficiency 

.I 

7 1 



(again, JPL's projection was utilized) . Also, peak 

insolation at air mass 1 (on earth), and the economic 

inflation rate (not used), with 1976 as the base. 

As just noted, all costs are in 1976 dollars. The 

anticipated impact of compounded inflation during the study 

period (1976-1986) is not included jn this report. Although 

readily computed and integrated into the model, it was 

decided to exclude the effects of inflation at this time. 

This was primarily done to enhance the understanding of the 

model and the relationship between input values and 

calculated results. 

3.0 OUTPUT FROM RIBBON TECHNOLOGY MODEL 

Results from this system simulation identify the major 

e.1ements contributing to s h e L  inaterial and energy capacity 

cost. A listing is provided in Figs. 4 and 5, and a 

percentage analysis in Figs. 6 and 7. 

4.0 DISCUSSION OF RESULTS 

Our approach to technology projection is "bottoms-up". It 

consist of first defining, and then projecting, technology 

(model input) parameters using the production unit concept. 



SLUUC ELLE QEENEO 11/04/75 

SIMULQTION N O :  64 65  66 
YEARS : 1976 1978 1980 

.RIBBONS GROUN SIHUL T4NEOUSL Y 1.00 la00 1 + 00 

RIBBON UIDTH, CH 5.00 10.00 10  .OO 

ClVC YIELDED GROUTH RTEaSO H/w9 0.03 0.11 0 -13 

COHBINEP Y I E L D  F ~ C T O R  ' 0.56 0.64 0 -68 

DIRECT COST IN DOLSISQ METER 
ZOUIPHENT C4PI Tz)L RECOVERY 37-84 10.75 9.41 
PERSONNEL 121.68 25.29 
POLY SILICON COST 

16.35 
100.18 65.53 46.26 

SERVICES/SUPPL I E S  40.64 10.41 9.11 

OVERHEM COST I N  DOiS/SO METER 142.83 55.77 24.22 
GaA EXPENSES IN DOLSHSO ffETER 114b29 36.94 26 -34 
PROFIT IN DOLLCIRS/SO METER 85 72 27.70 19 b75 

7OTC)L COST IN DOLS/SO METER 657. 17 m2.40 is1 -44 

DOLkRRS PER KCI 8214.68 1930 695 1262-04 

Fig. 4. Ribbon Technology Projection 1976-1980 

ECPIQBZCS QE SLLLCQN BIBBPI - PblE BLBBQbl EULCEB 

SLUUC ELCE QEENEQ 11/04/75 

RIBBONS GROUM SIHUL T4UEOUSL Y 1.00 

RIBBON WIDTH, Ctf 10.00 

AUG YIELDED GROWTH RTEnSO Fl/HR 0.16 

COMBINED YIELD F4CTOR 0.72 

DIRECT COST IN DOLS/SQ HETER 
EUUIPHEN T ChPI TRL RECOVERY 7.67 
PERSONNEL 13.68 
POL Y SILICON COST 24.19 
SERVICES/SUPPL IES . 7.62 

0VEriHEC)D COST IN DOLS/SO UETER , 10.05 
C* EXPENSES IN DOLS/SO METER 27.85 
PROFIT IN DOLL&RS/SQ METER 13.39 

TO TcSL COST IN DOL SISO HEtER 102.66 

DOLLARS PER KU 769.69 

Fig. 5. Ribbon Technology 

69.00 41.40 
I 

192.83 322.65. 

Projection 1982-1986 ' 



RIBBONS CROWN SIM!lL TANEOUSL Y 1 .OO 1.00 1.00 

AUG YIELDED GROHTH RTE9SQ H/HR 0.03 0.11 0.13 

CO!lBINED YIELD FACTOR 0.56 0 .64  0.68 

DIRECT COST IN DOLS,'SQ METER 
EQUIPMENT CGPi TAL RECOCJERY 5 .76 5.06 6.21 
PERSONNEL 19.43 11 $91  10,BO 
POL Y S I L  %CON COST 16.46 30.95 30.54 
SERUICESISUPPL I ES 6 . 1 8  4.90 6.02 

OUERh'ErSD COST I N  FOLS/SQ METER 21.73 16.84 15*99 
CW EXPENSES IN DGLS/SQ METER 17.39 17.39 I?. 39 
PROF1 T I N  DOLL4RS/SQ HETER 13.04 13.04 13.04 

'TOTaL COST I N  DOLS/SQ METER 100.00 100,OO 100.00 

DOLLARS PER K&I 0214.60 1930.95 1262.04 

Fig. 6. Percentage Analysis--Ribbon Technology Projection 
1976-1 980 

ECQ&dRU3CS Q E  SfLZCQN RLBBQN - QNE BLBBQU EUCCEB 

5 I M U L f i T I O N  N O :  67 68 69 
YEARS : 1932 1984  1986 

RIBBONS GROW SIIYUL TANEOUSL Y 1.00 1.03 1.00 

RIBBON WIDTHJ cn 10.. Q Q  10 , 0 0  I ? .  nn 

AVG YIELDED GROWTH RTErSQ H/HR 0.16 0.21 0.27 

COMBINED Y I E L D  FdCTOR 0.72 0.81 0.90 

DIRECT COST I N  DOLS/SO HFTER 
EOUX PUEMT CQPI TAL RECOVERY 7.67 8.62 9.19 
PERSO N N I L  ? 3 , 3 3  14.96 15.38 
POLY SIL ICON COST 
SERClICES/SUPPL I ES 

OVERHEAD COST I N  DOLS/SQ METER 17.58 18.78 19.59 
GaC, EXPENSES IN DOLS/SQ METER 17.39 17.39 1'7.39 
PROFIT I N  DOLiQRS/SO RETER 13.04 13.04 13.04 

TOTAL COST I N  DOLSISQ, HETER 100.00 100+00 100 .OO 

DOLLARS PER Kt i  789.69 492.83 322.65 

Fig. 7. Percentage Analysis--Ribbon Technology Projection 
1982-1 986 



In this concept, labor, capital equipment, and raw material 

parameters are combined in an organized and systematic way, 

and presented to the computer model for translation into 

readily understood economic terms. Results (output) from 

the model are not "massaged" to meet a given cost objective, 

but form the basis for subsequent sensitivity, or parameter 

trade-off, analysis. Sensitivity analysis results in a 

series of graphs, which permit the reader to form,his own 

opinion regarding the credibilify of future technology cost 

goals. 

Figure 8 shows--in graphical form--model output resulting 

14129t04 SEP 30.1977 

Fig. 8. Photovoltaic Technology Cost Objectives vs Time 



from parameter  v a l u e s  of  F i g s .  1 and 2 .  I t  r e p r e s e n t s  a 

semi-log p l o t  of  energy c a p a c i t y  c o s t  a t  t h e  l e v e l  of 

2 s i l i c o n  s h e e t  m a t e r i a l  ($/kWE), t o t a l  s h e e t  c o s t  ($/m ) ,  and 

2 d i r e c t  c o s t s  ($/m ) .  r e s p e c t i v e l y  v e r s u s  t i m e  (1 976-1 386) . 
The cu rves  a r e  p a r a l l e l  l i n e s  (as e x p e c t e d ) ,  and,  excep t  f o r  

t h e  i n t e r v a l  between 1976 and 1978, form s t r a i g h t  l i n e s .  

These l i n e s  amount t o  a p r o j e c t e d  c o s t  r e d u c t i o n  between 

2 
1978 and 1986 of a f a c t o r  of 6 (e .g . ,  $212/m2 t o  $48/m ) . 

More d e t a i l  can be ga the red  from Fig .  9 ,  which i s  a r e g u l a r  

F ig .  9 .  S i l i c o n  Sheet  Technology Cost  Ob jec t ives  v s  Time 



2 
plot of time versus both the total sheet cost ($/m ) and the 

direct costs ($/m2). The most drastic reduction in sheet 

cost is expected to occur between 1976 and 1978, It is a 

direct result of increasing ribbon 'width (5-10 cn) anti 

conversion efficiency. 8 - 1 %  plus relatively minor 

improvements in other.parameter values (see Fig. 1). This 

2 factor of 3 decrease ($657/m2 to $212/m ) is obviously stili 

a hypothetical case. To the ' best of our knowledge, ria 

manufacturing 'plant is producing silicon ribbon capable of 

meeting our 1976-1978 technology definition. 

Direct cost .items represent 50% of total sheet cost 

throughout the study period. Direct costs are dominated by 

labor and polysi1,icon cost through 1986. A t  that time, both 

are still twice the cost of equipment'capital recovery and 

services/supplies. As a result of observing the 1986 cost, 
2 

breakdowns (Fig. S ) ,  we must infer that a $20/m sheet cosr 

is unlikely to occur, using our definition of future rl!.~bon 

technology. 

Figure 10 is a semi-log plot versus time of our projecteA 
J 

ribbon costs and' those reviewed by JPL at the ERDA 

Willimsburg M c c t i i l y  . Yhe JPL figures represent 

Czochralski-based sheet technology. 



TIME,  YEARS lirssr~s OCT 04 

Fig. 10. Photovoltaic 'Yechnslogy Cost Objectives vs Time 

The difference between the curves might be attributed to the 

prevailing difference in status of.these two technologies: 

Czochralski: Mature technology. Continued pressure to 

reduce product cost in view of increasing 

volume. 



Ribbon : - New technology. Development frozen at 10 cm 

width for immediate conversion to 
. . 

manufacturing technology. Steady cost 

improvements, but insufficient throughput 

capability for spectacular gains. 

Next, through sensitivity analysis, technology parameters 

2 required to achieve low cost (- $20/m ) sheet objectives 

will be studied further. 

5.0 SENSITIVITY ANALYSIS 

A simple, yet effective technique has been developed for 

sensitivity analysis. It allows the analyst to test the 

sensitivity of two technology parameters (e.g., polycost and 

ribbon 'width), while holding all other model parameters 

constant. For instance, assume that we want to test the 

1986 sheet cost of $48 .40/m2 for possible reduction to 

$20/m2 by varying projected poly cost ($10/kg) and ribbon 

width (10 cm). This is accomplished in the computer program 

by establishing parameter limits. (Poly cost: $4-25/kg; 

Ribbon Width: 4-25 cm). 

Specific parameter values required for. each computer 

calculation are obtained by stochastically sampling between 



these limits first, and then calculating the resultant 

energy-capacity cost at the level of silicon sheet material. 

Only those parameter values that resuit in the specified 

sheet material cost (e.g., Table I, $30.00, t 0.5%) ( ' I  are 

accepted as valid data points. All others are rejected. 

The model is iterated until the relationship (if one exists) 

between the input parameter and the specified output 

(ciollars/Ia2) is determined. 

Table I lists the data points generated for the bottom curve 

Table I. Data points for $30/m2 curve 

Item Iter- 
No. ation 

Poly 
Cost 
($/'ky) 

Ribbon Sheet Energy 
Width Cost Capacity 

( crit) ( ' i 7  C O ~ L  

( $ / W E )  

(1  The + 0.5% spread in specified sheet material 
cost is used to limit the number of computer 
iterations of the model. 
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Fig. 11.  1986 Sheet Technology (Poly Cost vs  Width) 

of  F ig .  11.  These d a t a  p o i n t s  d e f i n e  t h e  p a r t i c u l a r  

r e l a t i o n s h i p  between p o l y s i l i c o n  c o s t  and r ibbon  wid th ,  

which r e s u l t s  i n  a s h e e t  m a t e r i a l  c o s t  of  $30/m2 + 0.5%. 
.. . 

( A l l  o t h e r  model i n p u t . p a r a m e t e r s  a r e  as shown f o r  3986 i n  
. . 
. a  . , ., 

Fig.  2 . )  The two cu rves  of  Fig .  1'1 a r e  l e a s t - s q u a r e s  f i t  

( t h i r d  o r d e r  polynomial) .  I t  might be of i n t e r e s t  t o  n o t e  



that it took 4629 iterations of the model ( -  4 minutes of 

CPU time) to gather 20 data points. 

2 2 
In addition to the $48/m and $30/m curves, a third 

relationsl~ip between poly cost- and ribbon width was sought, 

which was to result in a sheet material cost of $20/mL. 

After 8461 iterations, only one data point (Foly cost: 

$4.42, Ribbon Width: 24.79 cm) was identified, and the 

computer run was terminated. iience, we conclude that a 

2 
sheet material cost of $20/rn is highly unlikely with this 

set of technology parameter values. Ilowever, a $30/rn2 sheet 

material cost level can be obtained with 95jkg poly, 15 cm 

wide ribbon, or $10/kg poly, 21 cm wide ribbon. 

1 .  If ribbon technology is to compete with Czochralski 

technology for $>500/k~k solar array production - 
contracts through 1986, it must be phased i n t o  

manufacturing starting in 1978. 

2. The following schedule is proposed for bridgisly fxunt 

ribbon technology development to large scale production 

through utilization of manufacturing science: 



A. Suspension of further Ribbon Technology 

Development : 1977/78 

B. Definition and Utilization of Manufac- 

turing Science: 1978/86 

C. Initiate Phasing into Manufacturing: 1978 

D. Initial Manufacturing Technology Ready: 1980 

E. Pilot Production: 1980/81 

F. Small Scale Production (1F. 10 MW) : 1982/84 

G. Large Scale Production (20-1 00 ?4W) : 1985/86 

3. For 1986, the following sheet technology costs are 

projected. They are based upon the schedule (item 2). 

technology parameter values of Fig. 2 on page 68, and 

have been taken from Fig. 1 1 on page 8 1 : 

A. $48/m2 ($320/kWE) sheet material cost appears as a 

good bet for 10 cm wide ribbon, $10/kg poly, 

15% cell. 

Alternatives: 16.3 cm wide ribbon, $20/kg poly 

8.5 cm wide ribbon, $ 5/kg poly 

B. $30/nt2 ($200/kWE) sheet material cost cannot be 

obtained with 10 cm wide ribbon, 15% cell, even 

. at zero poly cost. 

Possibilities: 21.0 cm wide ribbon, $10/kg poly. 

15.0 cm wide ribbon, $ 5/kg poly - 

1 



C. $20/m2 ($1 33/kW) sheet material cost is unreal- 

istic with ribbon technology defined here and 

considered reasonable. 

Data Point: 25.0 cm wide ribbon, $4/kg poly. 

4. Further ribbon technology development beyond 10 cm 

width should be postponed until the early 1980(s), when 

a viable manufacturing technology, capable of producing 

high quality ribbon (15% cell), is firmly in place. 

5. Future cost of single-ribbon pulling systems has been 

revised upward to $50,000. Since there appe,ars no 

evidence of a substantive program within industry to 

develop such equipment (must also be highly reliable, 

and automated), there is concern over meeting even that 

ob jcctive. 

8 4  
A 
UU.S. GC)VERNMENT PRINTING OFFICE: 1978-740-094/1267 




