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I .  CONTRACT GOALS AND OBJECTIVES 

The primary object ive o f  t h i s  contract i s  t o  invest igate high-risk, high-payoff 
research areas associated w i th  the Westinghouse process for producing photovol- 
t a i c  modules using non-U sheet material. A l l  investigations are being per- 
formed using dendr i t ic  web s i l icon,  but a l l  processes under study are d i r e c t l y  
applicable t o  other ribbon forms of sheet material. The contract i s  separated 
i n t o  the following tasks. 

A. L iquid Junction Technical Feas ib i l i t y  Study 

The object ive of t h i s  task i s  t o  determine the technical feas;bi l i ty  of form- 
ing f ron t  and back junctions i n  non-U s i l i c o n  using lkquid dopant techniques. 
Numerous commercially avai lable 1 i qu id  phosphorus and boron dopant solut ions 
are under investigation. Temperature-time p ro f i l es  t o  achieve N and P sheet 
r e s i s t i v i t i e s  of 60 k10 and 40 i 1 0  ohms per square, respectively, have been 
established; and ve r i f i ca t i on  runs using l i q u i d  boron f o r  the back junct ion 
have been made. 

+ + 

B. L iquid Di f fus ion Mask Feas ib i l i t y  Study 

The object ive o f  t h i s  task i s  t o  determine t 2 technical f e a s i b i l i t y  of form- 
ing a l i q u i d  applied d i f fusfon mask t o  replace the more cost ly  chemical vapor 
deposited S i O z  d i f fus ion  mask. Parameters under invest igat ion include 1 i qu id  
applied d i f fus ion  masks procured from various vendors, temperature-time pro- 
f i l e s  for baking l i q u i d  masks, f i l m  thickness relat ionship w i th  masking capa- 
b i l  i t i e s ,  i den t i f i ca t i on  of etching solutions, process parameters for  post- 
d i f fus ion  rc.nova1 o f  masks, and methods o f ,  l i q u i d  mask application. 

C. AR, PR Meniscus Coating Application Studies 

The or ig ina l  object ive o f  t h i s  task was t o  determine the technical f e a s i b i l i t y  
o f  applying 1 iqu id  an t i re f l ec t i ve  (AR) and photoresist (PR) solut ions using 
meniscus coating equipment. 
capabi l i t ies  have been iweat igated. The AR f i lms formed have been shown t o  
have uniform thickness along the web and possess the required an t i re f lec t i ve  
properties. 
phosphorus t o  form the front N'P junction. 

F i l m  thickness relat ionships w i th  an t i re f l ec t i ve  

Present plans are to  use the meniscus coater t o  apply l i q u i d  

1 



D. Ion Imp1 antat i  on Compat i b i  1 i t,v/Feasi b i  1 i ty Study 

I n  t h i s  task, the f e a s i b i l i t y  o f  producing uniform high ef f ic iency solar ce?:s 
from non-Ct s i1  icon using’ ion implantation junction formation techniques w i l l  
be established. This task w i l l  bu i l d  upon exist ing information on ion implan- 
ta t ion o f  non”-CZ material from other programs and w i l l  include: 

0 

0 

0 

E. 

An investigation o f  process variat ions between processing ion  im- 
planted ce l l s  and processing gaseous diffused ce l l s  using a stan- 
dard gaseous di f fusion process as a baseline; 

Comparison and evaluation of c e l l  eff iciencies o f  ion implanted 
ce l l s  with gaseous diffuse0 cells using a standard gaseous d i f -  
fusion process as a baseline; and an 

Evaluation o f  ion implantation parameters such as ion species, 
energy and dose f o r  f ron t  and back junctions, ion implantation 
angle, anneal ing method, annealing time and temperature, surface 
treatment of input non-CZ material * and input non-CZ character- 
i st ics  including r e s i s t i v i t y  . 

Cost Analyses 

I n  th i s  task, SAMICS methodology w i l l  be used t o  quantify production cost i m -  
provements associated with process improvements under investigation. 

? 



11. SUMMARY 

This report describes work performed on JPL Contract No. 955909, "Process 
Research o f  Non-CZ Si1 icon Material , I '  during the quarterly period from 
December 1, 1982, to  February 28, 1983. TecClnical work i n  t h i s  time period 
emphasized investigations f o r  1 iqu id di f fusion masks and l i q u i d  dopants t o  
replace t i e  inore expensive CVD Si02 mask and gaseous diffusion processes. The 
l a t t e r  were specified i n  the Westinghouse baseline process sequence for pro- 
ducing solar c e l l s  from dendr i t ic  web s i l icon.  JPL contract funds are being 
used only t o  define experiments, evaluate data, and report resul ts re la t i ve  
t o  t h i s  task. A l l  technical and material costs associated with t h i s  work are 
being borne by Westinghouse. 

I n  addit ion t o  the 
i n  the s i l i c o n  shot 
grown where the pel 

During t h i s  period, 

iqu id  dopant studies, s i 1  icon pel le ts  have been prepared 
tower; and solar c e l l s  have been fabricated using web 
ets were used as a replenishment material. 

a number o f  ver i f i ca t ion  runs were made using the boron 
dopant . l i q u i d  d i f fus ion mask materials from Dif fusion Technology. The 
aver;. -. \. 11s produced i n  these runs was 13%. 

Experiments were - 7 .  r i e d  out t o  determine the relat ionship o f  sheet r e s i s t i v i t y ,  
temperature, gas flows, and gas composition for the di f fusion o f  the P-8 l i q u i d  
phosphorus solut ion supplied by Diffusion Technology. The l i q u i d  was applied 
using the squeegee applicator. Cells produced had a wide range o f  eff iciencies, 
mainly due t o  problems i n  application o f  the l i q u i d  dif fusant. These problems 
should be al leviated with the use of the meniscus coater which was purchased 
with Westinghouse capital funds and was delivered t o  AESD near the end o f  t h i s  
report i ng per i od . 

A number of c e l l s  produced i n  the past few months (about 11%) with very low 
ef f ic iencies have been analyzed. The major problem was found t o  be contamina- 
t i o n  o f  the front N'P junction wi th boron dopant. Again, the most l i k e l y  
source of t h t  problem i s  occasional non-uniform (manual) aDpl icat ion of  l f q u i d  
Si02 t o  the vieb surface. 
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An i n i t i a l  del ivery of dendr i t ic  web was made t o  JPL f o r  transmittal t o  Spire 
Corporation for  ion implantation studies. 

A number o f  successful shot tower runs have been made. Pel lets produced i n  
these runs have been used as replenishment material i n  dendr i t lc  web growth 
furnaces being operilted a t  AESD. Solar c e l l s  processed from web grown from S i  
shot material have been evaluated, and resul ts have qua l i f ied  the use o f  the 
material prociutcd i n  the shot tower f o r  web furnace feed stock. 

An abstract and extended abstract of a j o i n t  paper between Westingnouse and 
JPL on l i q u i d  dopants were approved’ by JPL and submitted t o  the Electrochemical 
Society for presentation a t  t h e i r  meeting i n  May 1983. 



I I I .  TECHNICAL FWGRESS 

A. Liquid Boron Ver i f icat ion Runs 

Over s i x t y  photovoltaic c e l l  production runs were completed using the Westinghouse 
baseline process sequence modified t o  include l i q u i d  Si02 di f fusion masks and 
l i q u i d  boron dopant. The runs were made i n  the period December 6, 1982, througl. 
January 6, 1983; and resul ts  were analyzed during th is,  report ing period. The 
sequence used t o  form junctions i n  these c e l l s  i s  given i n  Table 1. 
these process runs, l i q u i d  Si02 and boron dopants obtained from Di f fus ion 
Technology were used. The gas composition used for the l i q u i d  boron dr ive  
(Step 9 i n  Table 1) was 80% N2 and 20% 0, closely simulating open a i r .  

I n  a l l  of 

L 

Table 2 shows the average efficiency of c e l l s  produced i n  these ve r i f i ca t i on  
runs. Cells produced were of the three standard sizes normally fabricated on 
the Westinghouse Pre-Pilot F a c i l i t y  - 1.6 cm x 9.8 an, 2.0 cm x 9.8 cm, and 
2.5 cm x 9.8 cm. The overal l  data also include resul ts  from experimental runs 
(c:mtfng procedures, etc.) which were made during t h i s  period. 

The overal l  average o f  13% i s  s ign i f i can t ly  higner than the 12.6% average 
efficiency o f  c e l l s  processed by the baseline sequence as reported i n  Monthly 
Report #23 (December 6, 1982). However, a one-to-one comparison o f  the l i q u i d  ' 
process (using the Diffusion Technology l iqu ids)  wi th  the baseline process i s  
not possible since no baseline sequence runs were made during the period reported 
on here. 

B. Formation o f  Front N'P Junctions using Liquid Phosphorus 

The use o f  a l i q u i d  boron dopant for  the formation of the back surface P'P 
jdnction has beeq ver i f ied and i s  now part  of the Westinghouse baseline 
processing sequence f o r  fabricating solar ce l l s  f r c m  dendr i t ic  web si1 icon. 
The use o f  t h i s  l i q u i d  process for  back junction 
siderable saving of processing time. 

However, an wen greater saving o f  t ime  i s  possib 
be developed for the f ron t  N'P junction. Studies 

ormation resul ts i n  a con- 

e if r? l i q u i d  process can 
t o  determine f e a s i b i l i t y  o f  

5 



TABLE 1 

PROCESS StQUtNCE FOR FABRICATION OF SOLAR CELLS 
USING LIQUIO BORON AND LlQUI1) OfFFUSlON MASK 

1. Raw web cleanlng (lncludlng the hot H2S9, trertnant). 
2. Prc-dlffurlon clernfng (ttandwd chelatlng). 
3. Paint on 'llquid S102 on designated Ni t l dc  uslng 8'spongc-squee9ee. 
1. Dry under heat lamp for S minutes (about 80°C). 
S. Paint on llquid boron dopant on deslgnatedP' side using a Spange-SQuee9ee. 
6. Ory under heat faup for S minutes (about eO°C). 
7. load strlps In  boat  w l  th S102 rlde faclng SIO, t ldc  rnd Pt side faclng p+ 

8. Place loaded boat l m  front end o f  dlffuslon furnace and bake strlpS for 
SI&. Pre-bake I n  oven-for IS mlnutes r t  2 0 0 O C .  

S mlnutes a t  approximately 3 0 0 O C .  

furnace to  700'C a t  3°C/alnute. 
9. Wove boat Into furnace and dlffuse for 30 mlnutct rt 980% SloW COO1 

10. St r lp  oxldcs I n  2:l H20:HF. 
11 . Repeat Step 2. 
12. Paint on l iqu ld  S102 on boron dlffuted rlde using sponge-squeegee. 
13. Repeat Step4. 
14. load st r lps Into boat wlth $IO2 side faclng SiOz side. 
IS. Place boat Into front end o f  POCIS dlffuslon tube and bske r t r fps for 

16. Wore boat  Into furnace and d l f f s e  I n  gaseous POClj for 20 mlnutet a t  

17, Strip oxldes and complete bascllne pmccss. 

approximately 300°C. 

850OC (baselfne condl tlons), Slow cool furnace t o  7M°C f o r  3°C/mlnuta. 

6 



TABLE 2 

LIQUID DOPANT/LIQUID DIFFUSION MASK TEST RUN': 
PERFORMED DECEMBER 6, 1982 THRC)I'GH JANUARY 6, 1983 

No. o f  Cells A v .  Efficiency (%) 

3054 13.0 

This data does not include 396 ce l ls  produced with less than 
10% efficiency. Data from these re ject  ce l ls  are 9 scussed 
separately i n  this report. 

7 



such a proces-, w- re  i n i t i a t e d  i n  December and are continuing. I n i t i a l  experi- 
ments using phosphorus doped 1 iquids from various vendors when applied using 
the sponge-squeegee metbod resul ted i n  badly stained front surfaces, making 
the surfaces unsuitable f o r  c e l l  C.lbrication. Tests with the "CAVEX" meniscus 
coater and conducted by the vendor indicated tha t  with the more uniform layers 
of the phosphorus dopant obtainable w i t r  t h i s  un i t ,  the s ta in ing could t= 
sign i f icant ly  reduced. On t h i s  basis, a meniscus coater was placed on order 
usirig Hestinghouse capi ta l  funds. 

While awaiting del ivery o f  the uni t ,  the l i q u i d  f ront  j zvc t ion  studies were 
res t r i c ted  t o  the determination o f  times, temperatures, and gas compositions 
which resi i l ted ir! acceptable sheet res i s t i v i t i es .  I n  these studies, i t  was 
found tha t  thc. 2-8 l i q u i d  phosphorus solut ion from Oiffusion Technology pro- 
duced the least  amount of f ront  surface staining. Tnis material has been used 
for the scoping work i n  c e l l  processing parameters p r i c r  t o  del ivery o f  the 
meniscus coater. The procedure followed f o r  these experiments i s  out l ined i n  
Table 3. 
diffused a t  900°C 3 95OOC for 2@ -I - ltes and 30 minutes i n  varying N2 + 0, 
ambients. 
extremely important i n  achieving the sheet r e s i s t i v i t y  (p,) desired for the 
N'P junctiop. I n  100% O2 ambient, s t r i ps  di f fused a t  900°C for 30 m!tluras 
yielded high sheet r e s i s t i v i t i e s  which were o f  the order of 100 n/n . Table 4 
sumnar'!e? the resul ts  o f  the various experiments. 
that  c.ne N p  r i c h  mixture yielded sheet r e s i s t i v i t i e s  o f  the order o f  40-50 n/n 
which i s  s l i g h t l y  less than the desired value based on the baseline qaseous 
d i f fus ion  process. (The optimum sheet res is t i ' i  . ty for gaseous P0Cl3 d i f fus ion 

I n i t i a l l y .  s t r i ps  were painted with l i q u i d  phospr.orus solut ion and 

I t  was found tha t  oxygttr: concentration i n  the N2 + O2 mixture was 

It i s  ins t ruc t i ve  t o  note 

i s  50-70 n/o.) 

It was noted i n  these tests tha t  i n  a number of cases there was a wide varia- 
t i o n  o f  r e s i s t i v i t y  along t t e  length o f  the web, w i th  some areas belng as high 
as 300-bO0 n/n. The reason f o r  t h i s  ga r iab i l i t y  i s  not known but i s  probably 
related to  a non-uniform coating of the phosphorus l iqu id ,  leading t o  variable 
dif fusant source cowentrations or  the surface. Some of the s t r i ps  from these 
experiments have been processed through the baseline process and made i n t o  

8 



TABLE 3 

1. 
2. 
3. 
4. 
5. 
6. 
7. 

8. 

9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 

17. 

18. 

PROCESS SEQUENCE FOR FABRICATION OF SOLAR CELLS 
USING LIQUID DOPANTS. AND LIQUID DIFFUSION M S K S  

Raw web cleaning ( including the hot H2S04 treatment). 
Pre-di f f us ion c l  eaninq (standard chel at inq) . 
Paint on l i q u i d  Si02 on designated N+ side using a sponge:squeegee. 
Dry under heat lamp f o r  5 minutes (about 80'C). 
Paint on l i q u i d  boron dopant on designated P' side using a sponge-squeegee. 
Dry under heat lamp f o r  5 minutes (about 8OOC). 
Load s t r i ps  i n  boat wi th S i 0 2  side facing Si02 side and P+ side facing 3' 
side. Pre-bake i n  oven for 15 minutes a t  200OC. 
Place loaded boat i n  f ron t  end o f  d i f fusion' furnace and bake s t r i ps  for 
5 minutes a t  approximately 300°C. 
Move boat i n to  furnace and diffuse f o r  30 minutes a t  980°C.  low cool 
furnace to  700°C a t  3"C/minute. 
S t r i p  oxides i n  2:l H20:HF. 
Repeat Step 2. 
Paint on l i q u i d  Si02 on boron dif fused side using a sponge-squeegee. 
Repeat Step 4. 
Paint on l i q u i d  phosphorus on designated N+ side using a sponge-squeegee. 
Dry under heat lamp for 5 minutes (about 8OOC). 
Load s t r ips  i n  boat wi th Si02 side facing Ei02 side and P+ side facing P+ 
side. Pre-bake i n  oven f o r  15 minutes a t  zOO°C. 
Load boat i n to  furnace and dif fuse f o r  30 minutes a t  900OC. Slow cool 
furnace t o  700°C a t  3"C/minute. 
S t r ip  oxides and complete baseline process. 

9 



TABLE 4 

Run # 

1 

2 

- 

3 

4 

5 

6 

7 

DATA ON LIQUID PHOSPHORUS DOPED SRICON DENDRITIC E 6  STRIPS 

Diffusion 
Temp. /Ti me 

9OO0C/30 m i  n . 
95OoC/30 min 

9OO0C/30 min 

9OO0C/30 min 

9OO0C/30 min 

9OO0C/30 min 

900°C/20 min 

Gas Mixture 

100% o2 
50% O2 
50% N2 

50% 02 
50% N2 

30% O2 
70% N2 

20% o2 

5% o2 

5% o2 

80% N2 

95% N2 

95% N2 

7-8 

25-28 

26-41 

33-50 

21 -27 

24 - 29 

Remarks 

Surface Clean a f t e r  Stripping 

Surface Clean a f t e r  Stripping 

Surface Clean a f t e r  Stripping 

Surface Clean a f t e r  Stripping 

Surface Clean a f te r  StripPinq 

Surface Clean after Stripoing 

Surface C1 ean a f te r  Stripping 

10 



cel ls .  
ciencies were obtained on s t r i ps  wi th  ps ranging from 25 t o  50 Q/o. Several 
other runs have been carr ied out using the 90O0C/30 min. dr ive i n  80% N2 - 20% 
O2 diffusion conditions. 

The ef f ic ienc ies on these c e l l s  ranged f rom 10 t o  14%. Highest e f f i -  

I n  the f i r s t  such c e l l  processinq run, 9 s t r i ps  of web were coated with the P-8 
solut ion and di f fused a t  900°C f o r  30 minutes. After t h i s  treatment, the same 
v a r i a b i l i t y  of sheet r e s i s t i v i t y  was noted on the diffused s t r ips.  Twenty-two 
ce l l s  f rom these s t r i ps  had an average ef f ic iency of 11.2 21.5% with a maximum 
ef f ic iency o f  13 4%, considerably lower than c e l l s  produced i n  the baseline 
process sequence. 

Before another tes t  could be made, the phosphorus l i q u i d  gelled; and i t  was 
d i f f i c u l t  t o  apply i t  t o  the web wi th  any deqree of uniformity. The material 
was f i v e  weeks o l d  a t  t h i s  point; and when contacted, the vendor stated the 
solut ion had a shelf l i f e  of four weeks which could be even shorter when ex- 
posed t o  a i r .  This short l i f e t i m e  must be a concern i n  any production process 

and i n  the use o f  the meniscus coater where a large volume of material (4 
l i t e r )  i s  required f o r  operation but where the to ta l  solut ion usage i s  low. 
During the next period, work w i l l  be i n i t i a t e d  with various vendors t o  resolve 
t h i s  problem. 

Since no other phosphorus l i q u i d  was imnediately available, one further tes t  
was carr ied out wi th t h i s  thickened l iqu id .  

Web s t r ips  were selected from a processing run a f te r  boron diffusion, coated 
wi th  P-8, and di f fused a t  890°C f o r  30 minutes. The furnace ambient was 80% 
N2 - 20% 02. The remainder o f  tLe s t r i ps  were diffused i n  gaseous POC13. 
Af ter  the f ron t  junct ion diffusion, a l l  s t r ips  were again merged i n t o  one run 
and finished processed as a batch. To obtain comparative data, d i f fe ren t  
s t r ips  from the same web crysta: were diffused using P-8 and POC13. 
c e l l  data i s  obtained on the same web crystal  f o r  both types of d i f fusion; and 
the resul ts ?*-e immediately comparable. 

Thus, 

11 



The sheet r e s i s t i v i t y  of the N+ surface was w s u w d  a f t e r  phosphopw diffusion 
on both the POC13 and P-8 samples. The wC13 di f fused c e l l s  had an average 
sheet r e s i s t i v i t y  o f  55 Q/O which i s  within the specif icat ion and corresponds 
t o  a 0.2-0.3 VII junct ion depth. The P-8 diffused sampless W v e r ,  amraged 
28 Q/O which indicates a junct ion depth of about 0.5 MI, several tenths of a 
micron deeper than the POC13 diffused samples. This i s  a t  variance with pre- 
vious scoping studies which indicated 890°C as the preferred diffusion tempera- 
ture t o  obt7;n the desired sheet res is t i v i t y . *  

The effect of the deeper junct ion i s  imnediately obvious when the short c i r c u i t  
current density o f  the ce l l s  i s  examined. The POC13 diffused c e l l s  had an 
average J,, of 27.4 mA/cm while the P-8 diffused c e l l s  had an average JSc o f  
26.7 mA/cG. This 3% difference i n  Jsc was reflected i n  the c'ficiency o f  the 
P-8 diffused ce l l s  which was also 3% lower than the P0Cl3 diffused ce l ls .  

2 

The 3% decrease noted i n  Jsc i n  t h i s  experiment can be compared t o  the expected 
decrease i n  c e l l  current due to  the di f ferect  junct ion depths. A t  0.5 ~IJ I  

junction depth, a l l  wavelengths shorter than 430 nm would be absorbed i n  the 
heavily doped N layer; and nearly a l l  the carr iers p;;duced would recombine 
before col lect ion. For a 0.25 pm junction, ~ ' 1  wavelengths shorter than 405 nm 
would be abso:*bed i n  the dead layer. This 25 
4% of the to ta l  photons i n  the solar AM-1 spectrum, and t h i s  number of photons 
w i l l  be absorbed i n  the N+ region rather than i n  the bulk of the ce l l ;  therefore, 
there w i l l  be fewer photogtierated carr iers i n  the bulk t o  be col lected as a 

photocurrent. This 4% decrease i s  i n  rough agreement wi th the noted decrease 
i n  Jsc. 

Further runs of t h i s  type are being evaluated. 

+ 

. band width contains approximately 

C. Analysis o f  High Efficiency Runs 

Eleven processing runs, tested avd reported i n  true l a s t  several months and 
having high average efficiencies, were analyzed t o  determine the effectiveness 

o f  the l i q u i d  boron diffused back surface f i e ld .  

*Tests are underway t o  determine if the low ps i s  due t o  the th ick P-8 solut ion. 
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Table 5 gives the compiled data on eleven runs processed between December 15, 
1982, and January 15, 1983. These runs were chosen as being representative 
o f  runs having high average ef f ic iencies.  In  addi t ion to the efficiency data, 

the average open c i r c u i t  voltage and number o f  c e l l s  i n  the run are given. 
The open c i r c u i t  voltage i s  a good measure o f  the qua l i t y  o f  the back surface 
f i e l d  due t o  the P'P junction. 

The presence of a high-low junct ion (i .e., P'P) a t  the back surface o f  an N'P 
c e l l  structure w i l l  increase the short c i r c u i t  current but mainly enhances the 
open c i r c u i t  voltage. One important factor  i n  l i m i t i n g  the efficiency o f  a 
solar c e l l  i s  a high minority ca r r i e r  recombination veloci ty a t  the c e l l  sur- 
faces. The back surface f i e l d  reduces the back surface recombination ve loc i ty  
due t o  a potential energy bar r ie r  between the two regions (P P) which effec- 
t i v e l y  causes a b u i l t - i n  f i e ld .  ThSs f i e l d  reduces the loss of photogenerated 
carr iers, enhancing the quantum efficiency o f  the base region o f  the c e l l  and 
thereby increasing the open c i r c u i t  voltage. 

+ 

I n  Table 5, the average Voc for a l l  c e l l s  i s  0.562V. The maximum Voc measured 
was 0.598V. Hovel* gives calculated values of Voc for N'P c e l l s  fabricated 
on 1 n-cm and 10 n-cm s i l i c o n  o f  0.600V and 0.545V respectively. The c e l l s  

reported here are fabricated on 4-8 ncm material, and the calculated Voc should 
be 0.555. Thus, the 0.562V average reported and the 0.598V maximum indicate 
an e f fec t i ve  back surface f i e ld .  

The l a s t  column i n  Table 1 i s  the correlat ion coef f ic ient  between the Voc and 

ef f ic iency of the ce l l s  i n  the given runs. This coef f ic ient  i n  a l l  cases i s  
above 0.6 where 1.0 i s  perfect correlat ion and 0 i s  no correlat ion. 

*H. 3 .  Hovel, "Semicondwtors and Semimetals," Vol. I 1  - Solar  Cells 
Academic Press, New York, 1955. 
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TABLE 5 

HIGH EFFICIENCY LIQUTD BORON/LIQUID DIFFUSION MASK PROCESSING RUN 

Run ID 
1 108-49M 

11 18-1M 

1127-1M 

1209-49M 

11 26-25M 

126-49M 

201 -25W 

201 -73w 

21 0-73W 

1201 -1 w 
2234-49E 

Cell Area 
(cm2) 
15.68 

15.68 

15.68 

15.68 

15.68 

15.68 

19.60 

19.60 

19.60 

19.60 

24.80 

Correlation 
No. o f  Cells 'oc(') Av. Eff. (%) Coeff. r 

46 .556 14.8 .77 

48 .559 14.4 .70 

48 .560 14.7 .74 

45 .569 14.2 .64 

53 .563 13.9 .89 

32 .570 15.0 .75 

53 .558 14.1 .73 

37 .560 14.4 .92 

43 .576 14.3 .79 

47 .557 14.3 .96 

21 .557 13.5 .93 

Totals: No. of Cells - 473 
Av. Eff. - 14.3% 
Av. Vo, - 0.562V 
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The dark I V  
The dark I V  

J ( V )  = 

data on selected cells was measured a t  the Westinghouse RkD Center. 
curve for solar cells can be expressed as follows: 
J~~ e "'"T + J~~ e V h V T  

where VT = 

k =  

q =  
T =  
n =  

kT 
Q 

Bolttmann constant 
electronic charge 
absol Ute temperature 
diode ideali ty factor 

- 

Jol is the current density due to  carrier diffusion through the bulk of the 
cell while Jo2 is current density due to  recombination i n  the junction deple- 
t i o n  region*. The cells tested showed low Jol and Jo2 values. The series 
and s h u n t  resistance were below 0.5 acm and above 10K ncm respectively. 
These data indicate t h a t  there were good cells w i t h  excellent junction char- 
acteri s t ics.  

2 2 

In sumnary, the data  presented here show an operating back surface field which 
enhances the Voc and where the cell efficiency is controlled t o  a great extent 
by the open circuit voltage. 

D. Evaluation of Low Efficiency Cells 

During the period the l i q u i d  dopant process sequence has been investigated, a 
number of cells have been fabricated w i t h  very low efficiencies ( i n  the 1% - 
10% range). During this reporting period, 150 of these reject cells were 
analyzed to  determine the cause of  the low efficiencies. 

Based on the measured lighted I V  parameters, the 150 reject cells can be divided 
into 3 groups: 

*See TME 3158 on this contract submitted September 15, 1982. 
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Group 1 (about 15% of the re jec t  ce l l s )  

This qroup contained c e l l s  having the following l i gh ted  I V  properties: 
Voc > 0.5V 

Jsc - variable 

FF - variable 
Efficiency - variable but less than 10% 

These c e l l s  were mechanical f a i l u res  for reasons such as: very t h i n  o r  no 
copper plat ing, non-adherent g r i d  fingers, broken o r  cracked ce l ls ,  g r i d  l i n e s  
not completely opened, and a l i g h t  copper flash over the e n t i r e  surface. Thus, 
these c e l l s  could have been rejected p r i o r  t o  test ing as mechanical fai lures. 

Group 2 (about 5% of the re jec t  c e l l s )  

These c e l l s  had no cosmetic defects wi th l i gh ted  I V  properties as follows: 

V,, > 0.5V 

Jsc > 20 mA/cmP 

FF < 0.6 
Efficiency - 6-10% 

Dark I V  properties o f  representative c e l l s  from t h i s  group showed mediocre 
bulk l i f e t imes  (50-110 vsec) and adequate junctions (Jo2 < 10'6A) but wi th  
high series resistance o r  low shunt resistances. These spurious resistances 
cause the low f i l l  factor and low efficiency. These -esistance problems are 
related t o  processing problems. 

Group 3 (about 80% of the re jec t  c e l l s )  

These c e l l s  also showed no cosmetic defects. The l ighted I V  properties are 
1 i s ted  below: 

Voc e 0.4V 

Jsc e 20 mA/cm2 

FF e 0.6 
Eff ic iency - 1-6% 

16 



Dark I V  measurements showed n o m 1  series resistance wi th  a low shunt resistance. 
The bulk l i f e t i m e  was less than 1 microsecond, and the junct ion current density 
exceeded A/cm . 2 

Eight c e l l s  were selected f r o m  th i s  group, and the contact metals and ant i re-  
f l ec t i ve  coatings were removed. Tne sheet r e s i s t i v i t y  and conductivi ty type 
were then measured on these bare cel ls.  This data, shown i n  Table 6, ind i -  
cates the back (P') surface i s  not a t  fau l t .  The sheet r e s i s t i v i t y  i s  

within specification, and the conductivi ty i s  strongly P-type. Analysis of the 
front surface, however, indicated consrderable problems. The sheet r e s i s t i v i t i e s  
are qui te  variable, and the conductivi ty varies from N t o  P over the surface. 

These resul ts indicate that  during the i n i t i a l  boron diffusion, the sun side 
of the c e l l  (protected by the l i q u i d  Si02 mask) became contaminated with boron 
which shorted out the ( l a te r  dif fused) N'P junctlon. These shorted regions 
would account for the low shunt .esistance and very low bulk l i fe t ime.  

This front surface contamination may have occurred during the l i q u i d  boron 
application where the l i q u i d  "wicked" by cap i l la ry  act ion t o  the sun side and 
was subsequently driven in .  A second more probable cause of contamination i s  
that  the protective l i q u i d  SiOp mask contains small pinholes through which 
boron ( i n  the furnace tube ambient) dif fuses. 

In  e i ther  case, the i n t e g r i t y  o f  the l i q u i d  mask must be questioned. I n  fact ,  
several runs made i n  l a t e  1982 used a l i q u i d  Si02 mask with B6r3 dif fusant 
gas. These runs had a s ign i f icant ly  large, number of rejects. This resu l t  i s  
consistent wi th the theory of pinholes i n  the S iOa  mask. 

From t h i s  analysis, i t  i s  concluded tha t  the l i q u i d  S O 2  mask w i l l ,  on occasion, 
permit boron t o  d i f fuse through and thus degrade the sun side surface o f  the 
ce l l .  

Since thc l i q u i d  mask i s  applied using a sponge-squeegee, i t  i s  qui te possible 
tha t  non-uniform thickness and coating techniques can lead t o  pinholes. The 
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TABLE 6 

ANALYSIS OF REJECT CELLS 

Cell No. 
4A 

77c 

59A 

79c 

88A 

668 

44c 

53A 

Avg. Sheet 
Resistivity (n/o) 
Front 
55 45 Spotty N Ib P Strong P 

100 44 Spotty N & P Strong P 

Conducti v i  ty Type 

Back - Front - Back - - 

95 40 Spotty N & P Strong P 

90 35 N Strong P 

30-1 00 35 Heavy P i n  spots Strong P 

65 40 P Strong P 

65 40 Spot2y N & P Strong P 

80 40 Spotty N & P Strong P 
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probl'!m may be obviated when the layer can be applied using the meniscus coater 
which has been shown t o  give uniform layers. 

It should also be noted that  i n  the vast major i ty of cases (over 88 percent 
o f  the time), the SiOp mask performs qui te  well .  The solut ion t o  the re jec t  
problem discussed previously i s  t o  improve the method of application. 

E. Meniscus Coating Application Studies 

The meniscus coater was damaged i n  shipment t o  Westinghouse and returned t o  
Integrated Technologies f o r  examination and repair.  The damage to the equip- 
ment was qui te  extensive, and the repair  was not complete u n t i l  February, 1983. 
Cost o f  repair  t o  the equipment, which i s  Westinghouse owned, was borne by 
Wes ti nghouse . 

The r e b u i l t  meniscus coater was source inspected a t  the vendor's plant i n  
February. The acceptance tests were carr ied out using an ant i re f lect ive solu- 
t ion. This solut ion was selected because i t  allows the most rapid assessment 
o f  coating thickness and uniformity. I n  the tes t ,  f i f teen web str ips,  each 33 
cm, were coated with a standard AR coating solution. The s t r i ps  were numbered 
25, 44, and 47. The coating speed was 21-24 inches/min. After coating, the 
s t r i ps  were brked a t  4OOOC for 15 minutes i n  a i r .  The general appearance o f  
a l l  s t r i ps  was good, and three s t r i ps  (numbered 25, 44, and 47, respectively) 
were selected f o r  fur ther  study. 

General Appearance of Strips: U25 - only 28 cm coated due t o  break on end 
of s t r i p .  This s t r i p  was etched i n  KOH 
a t  Integrated Technologies before coating. 
Color was l i g h t  blue and was acceptably 
uniform over the surface. 

U44 - Coated en t i re  length, deep purple-blue, 
s l i g h t  var iat ion i n  color over surface 
noted. 

147 - Coated ent i re  length, deep purple-blue 
except a t  one end where there was a gold 
colored str ipe.  This das caused by the 
web not being held f i rmly i n  the vacuum 
chuck. 

On a l l  samples, there was no signi f icant carryover of the AR coating on the 
uncoated side. 
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The three s t r i ps  were sent t o  Wzstinghouse R I D  Center where the thickness was 
measured a t  20 uniformly spaced posit ions along the length of the web using an 
ellipsometer. The measurements were taken w i th in  f l  cm of the center l ine of 
the web. The data i s  shown i n  Table 7. 

These three s t r i ps  along wi th  the 12 others were par t  o f  a c e l l  processing run. 
After the thickness measurements were made, a l l  s t r i ps  were merged with the 
or ig ina l  run and the processing completed. Table 8 gives data on t h i s  run. 

The data i n  Tables 7 and 8 indicate tha t  the "CAVEX" meniscus coater i s  sui table 
for applying an an t i re f l ec t i ve  coating. Since the thfckness control  of the AR 
coating i s  the most c r i t i c a l  and the meniscus coater can achieve t h i s  control,  
the coater w i l l  ce r ta in ly  be sui table f o r  the other appl icat ions planned, e.g., 
l i q u i d  Si02 deposit icn and l i q u i d  dopant deposition, spec i f ica l ly  l i q u i d  phos- 
phorus. 

A f te r  completion of the source inspection tests, the meniscus coater was crated 
and shipped t o  Westinghouse. The u n i t  ar r ived undamaged i n  the l a s t  week o f  
February. 

Figure 1 i s  a photograph o f  the meniscus coater a f ter  i t s  receipt  s t  AESD. The 
u n i t  has been placed i n  the d i f fus ion  area of the Westinghouse pre-p i lo t  f a c i l i t y .  
I n  the photograph, the web holding f i x tu re  port ion o f  the machine, which w i l l  
simultaneously support up to  ten s t r i ps  of web during l i q u i d  appl icat ion opera- 
tions, is shown i n  the upr ight  (half-open) posit ion. Final assembly and check- 
out of t h i s  equipment w i l l  be completed i n  ear ly March. The u n i t  w i l l  then be 
used t o  complete the l i q u i d  phosphorus d i f fus ion  tasks specif ied i n  the con- 
t ract .  

F. Evaluation o f  S i l i con  Shot Material 

Eight web growth furnace runs were made i n  December t o  evaluate the s i l i c o n  
shot produced i,, the shot tower ins ta l led  a t  AESD. 
were grown from the melts before the shot was introduced. Crystals were grown 
during the remainder of the run using AESD s i l i c o n  shot as the replenishment 
material.  

I n  general, several crysta ls  
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TABLE 7 

MENISCUS COATER ACCEPTANCE TEST DATA: THICKNESS OF AR COATED STRIPS 

Coating C o d  f i ng Coating 

S t r i p  # Length (A)  S t r i p  # Length ( 1 St r ip  # Length ( 
Thickness A1 ng 1) Thickness Along Thickness Alglig 

25 84 7 
857 
848 
834 
838 
832 
a35 
827 
833 
845 
809 
799 
798 
81 5 
840 
81 5 
81 9 
a i  9 
81 8 

44 - 713 

I 

698 
71 3 
701 
683 
679 
71 1 
700 
683 
709 
703 
707 
691 
687 
699 
690 
690 
720 

47 71 6 
703 
724 
742 
739 
695 
602* 
648* 
721 
71 8 
724 
718 
730 
700 
607 
726 
71 8 
71 1 
724 
689 

Av = 828 A17 Av = 700 f12 Av = 707 233 

On S t r i p  147, the two thickness values (marked wi th  an aster isk) cc-respond t o  
the noted gold colored str ipe.  I f  these two values are neglected, the average 
f o r  #47 i s  716 t.16. 

It i s  estimated that  an sQ coating thickness var ia t ion o f  f20A i s  sui table f o r  
the process sequence. 
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TABLE 8 

DATA FROM CELLS PROCESSED WITH AR COATING APPLIED BY MENISCUS COATER 

A. Celt Run No: 1313-1 
B . Eff iciency Data Compcri son 

AR Application T e c h n w  No. of Cells Avg. Efficiency 
D i  p/Wi thdrawal 12 12 .O% 
Meniscus Coater 35 12.2% 

C. AR Enhancemsnt Factor* o f  Meniscus Coated Cells 

'5, (coated) = 1.44 20.02 
uncoated ) 

'SC ( 

FF coated = 1.01 20.03 
6 e d T  

- Eff iciency (coated) 
Efficiency (uncoated1 

= 1.46 20.03 

~- 

*The enhancement factor was determined by measuring the I V  properties 
of the ce l l ,  removing the AR i n  a d i l u t e  HF solution, a:.d remeasurity 
the c e l l .  S i x  c e l l s  were tested i n  t h i s  way. 

22 





TABLE 9 

AVERAGE EFFICIENCIES OF CELLS GROWN I N  RUNS USING 
AESD SILICON SHOT AS REPL€NISHMENT #ATERIAL 

Average 
Condition Cell Size (cm x c m l  No. of Cells Efflclency& 

I n i t i a l  Melt 1.6 x 9.8 25 13.8 *1.7 

After Replenishment 1.6 x 9.8 73 13.2 t 2 . 2  

I n i t i a l  Melt 2.0 x 9.8 34 12.9 *1,9 

After Rep1 en1 shmcn t 2.0 x 9.8 62 12.7 t2.0 



With t h i s  procedure, the f i r s t  web crystals grown were compo;ed of the standard 
semiconductor grade si l icon. 
contained increasingly more s i1  icon me1 ted f r o m  shot material. 

The l a t e r  web crystals, due t o  replertishment, 

These web s t r i ps  are being processed i n t o  c e l l s  using the Westinghouse baseiine 
process sequence, and i n i t i a l  dlrta from these c e l l s  have been analyzed during 
the past report inq oeriod. 
duced i n  these runs. 

Both 1.6 x 9.8 cm and 2.0 x 9.8 cm c e l l s  were pro- 

The average ef f ic iencies o f  ce l l s  made from web grown from the i n i t i a l  melt 
and af ter  the introduction of shot i n t o  the m e l t  as replenishment material are 
g.iven i n  Table 9. The small differences i n  these averages are believed due 
t o  the inclusion o f  t h i s  web i n  many processing bdtcnes (same o f  which were par t  
cf ongoing experiments). A nor al ized d is t r ibu t ion  o f  c e l l  eff iciencies i s  
shown i n  Figure 2. 

d is t r ibu t ion  i s  not s ign i f i can t  y d i f ferent than tha t  obtained i n  normal pro- 
cessing ( including experimental batches). Although a larger data base i s  re- 
quired, i t  i s  tentat ive ly  concluded tha t  the material made i n  the shot tower 
insta l led a t  AESD does not degrade c e l l  properties; and the shot produced 
quali fy as s i l i c o n  melt replenishment material f o r  solar c e l l  production. 

Considering the small number of c e l l s  i n  t h i s  sample, th is  

G. Delivery o f  Material f o r  Ion Implantation Studies 

During t h i s  period, 138 pieces o f  web, each 2.1 cm x 5.0 cm, were delivered 
t o  JFL f o r  ion implantation studies by Spire Corporation. 
laser scribed from dendrit ic web st r ips to  the proper s i z e ,  and the bulk 
r e s i s t i v i t y  o f  each piece was measured. 
mitted along with the samples. 

These pieces were 

These r e s i s t i v i t y  data were t rans-  
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Figure 2.  Normalized E f f i c i e n c y  D i s t r i b u t i o n  o f  Cells Produced from 
Web Grown from Runs us ing AESD S i l i c o n  Shot Rcplenishncnt 



I V .  A C T I V I T I E S  PLANNED FOR NEXT QUARTER 

A.  Continue to  analyze cell processing runs us'qg tho liquid boron 
base1 i ne sequence. 

B.  Complete initial tests o f  liquid phosphorus dep3sfc:w ising 
the meniscus coater. 

C .  OptimiLe 1 iqtiid phospClorus dopant drive parameters. 

D .  Initiate a cost analysis dn the all liquid baseline process 
sequence. 



V .  PROGRAM DOCUMENTATION 

All programmatic documentation specifi ?d i n  the Westinghouse Process Research 
o f  Non-CZ Silicon Material MEPSDU contract has been submitted i n  accordance 
with schedular requirements. A l i s t  o f  the programnatic documentation and 
submittal dater i s  compiled i n  Table 10. 

2s 



TABLE 10 
PROGRAM DOCUMENTATION SUBMITTAL STATUS 

I tem 
1. Monthly Technical Reports 

A. 
B. 
C. 
D. 
E. 
F. 
G. 
H. 
I .  
J. 
k. 
L. 

March 1982 
Apr i l  1982 
May 1982 
June 1982 
July 1982 
August 1982 
September 1982 
October 1 982 
November 1982 
December 1982 
January 1983 
February 1983 

2. Financial Management Peports 
A. 
B. 
C. 
D. 
E. 
F. 
G. 
H. 
I. 
J. 
K. 
L. 

March 1982 
Apr i l  1982 
May 1982 
June 1982 
July 1982 
Auqust 1982 
September 1982 
October 1982 
November 1982 
December 1982 
January 1983 
Februarv 1983 

3. Proqrain Plan, Cost Estimates, & WBS 
A.  Origii ial 
B. Revision 

4. MEPSDU Summary Report 
A. D r a f t  
B. Fical 

Submittal Date 

Apr i l  1, 1982 
May 3, 1982 
June 3 ,  1982 
July 8, 1982 
August 2, 1982 
September 7, 1982 
October 7, 1982 
November 8, 1982 
December 6, 1982 
January 10, 1983 
February 6, 1983 
March 7, 1983 

Apr i l  6, 1982 
May 19, 1982 
June 14, 1982 
July 16, 1982 
.',ugust 16, 1982 
September 14, 1982 
October 15, 1982 
November 15, 1982 
December 15, 1982 
January 14, 1983 
February 16, 1983 

March 12, 1982 
May 26, 1982 

June 2 ,  1982 
July 26, 1982 
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