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EFFECTS OF DIFFUSION REBISTRlBLlPION OF PHOSPHORUS ON 

THE CHARACTERISTICS OF SILICON SOLAR CELLS 

by Haro ld  E. I<autz 

Lewis Research Cente r  

SUMMARY 

A comparison was made of shallow junction silicon so l a r  cells fabricated by diffu- 

s ions employing a redistribution and redistribution plus final phosphorus source expo- 

s u r e  with cells fabricated f rom standard saturation diffusions. All diffusions and final 

sou rce  exposures were  performed with POC13 a s  source. The redistribution with and 

without final source exposure exhibited higher shor t  wavelength response than saturation 

diffusion cells. The redistribution cells without final exposure showed the highest re- 

spons e. Shallow junction redistributed cel ls  and redistributed plus final exposure cells 

had a s  low fill factors  as shallow junction saturation cells. An attempt to improve 

deeper  junction cells by redistribution was unsuccessful. 

Redistribution cells without final source  exposure exhibited s imi la r  forward re -  

s is tance to saturation diffused cel ls  and had higher sheet conductance. 

INTRODUCTION 

It has been well established that the response of silicon so l a r  cel ls  to the sho r t  

wavelength (blue) end of the visible spectrum is strongly dependent upon the depth of the 

p-n junction below the illuminated surface and that the response to the long wavelength 

(red)  end is independent of the junction depth. 

Previous studies (ref. 1) have verified that the response of silicon so lar  cells to 

sho r t  wavelength light, a s  measured in t e r m s  of shor t  circuit  current,  increases  a s  the 
junction depth is made shallower. However, when very shallow junctions were  made, 

the blue response fell off drastically. Another way to improve the blue response is to 

improve the collection of light generated c a r r i e r s  f rom the thin phosphorus diffused 

region a t  the illuminated surface. It  seem likely (refs.  2 to 6) that the saturation dif- 



fusion conditions used in standard solar  cell production result  in some of the phosphorus 

occupying intersti t ial  s i tes .  It was suspected that this  excess  phosphorus was  a major 

cause of poor collection f rom the diffused region, and that if i t  could be redistributed 

into substitutional s i t e s  the blue response would improve. In the present investigation, 

solar  cells were  made with a heat treatment following the standard saturation diffusion 

to redistribute the phosphorus. Performance of so la r  cells made in this manner was  

measured to determine how cell parameters ,  especially response to blue light, a r e  af- 

fected by the redistribution. 

These experiments were  restricted to the diffusion temperature range of 800' to 

1 0 0 0 ~  C where so la r  cell diffusions a r e  generally performed. In all  the experiments 

POC13 was  used a s  the phosphorus source. 

EXPERIMENTAL 

The open tube diffusion method (ref. 1) was used in these experiments to fo rm the 

solar  cell junction. The phosphorus source employed was  POC13. This is a liquid 

through which oxygen was  bubbled and then this  mixture was passed through a quartz  

tube containing the silicon wafers  maintained at the diffusion temperature. The system 

provided fairly precise  timing of the exposure of the silicon wafers to phosphorus. In 
all experiments the wafers  were  allowed to come to equilibrium a t  the desired diffusion 

temperature before exposure to POC13. 

All silicon material  used was 10 ohm-centimeter boron doped. The wafers  were  

1 by 2 by 0.35 centimeters cut f rom crucible grown material. 

The initial experiments were  designed to saturate  the diffused region of the silicon 

with phosphorus a s  in typical solar  cell fabrication procedure. These wafers  w e r e  kept 

in contact with the POC13 continuously until they were  withdrawn from the furnace. 

Some of the wafers  f rom these diffusions were  treated with concentrated H F ,  to remove 

the phosphorus-rich oxide layer  developed on their surfaces,  and rinsed with deionized 

water.  After measurement of sheet conductance these uncoated wafers w e r e  placed in 

a furnace a t  1 0 0 0 ~  C in a reducing atmosphere. Redistribution was continued until 

periodic removal and four point probe measurements (ref. 7) indicated that the sheet 

conductance was no longer changing. Other wafers  f rom the initial diffusions were  fab- 

ricated into so la r  cells to determine their photovoltaic properties. 

The second se t  of experiments consisted of diffusions followed by redistribution a t  

the diffusion temperature.  The wafers were  exposed to POC13 for  various t imes  and 

then left  in the furnace with the POC13 source shut off but with the oxygen flow main- 

tained. In most cases  the wafers were withdrawn after an arbi t rary total t ime of 



60 minutes had elapsed f rom the beginning of IPOCl3 exposure. Sheet conductance was 

determined on one wafer f rom each of these diffusions. The remaining wafers were  

fabricated into so la r  cells. 
The third s e t  of diffusion redistribution experiments was  identical to the second se t  

described previously except that an additional exposure to POC13 was made for either 

5 o r  10 minutes at the end of the redistribution. The total heat treatment was also 

60 minutes. The short  wavelength (blue) response of fabricated cells was measured in 

t e r m s  of the 0.4-micrometer shor t  circuit  current  a s  determined with the Lewis 

Laboratory f i l ter  wheel so la r  simulator (ref. 8). No antireflecting coatings were  ap- 

plied to the cells discussed in  this  report. These currents  were  corrected to effective 

outer space currents  a s  described in reference 8. Total sho r t  circuit  currents  were  

also determined with the fi l ter wheel so la r  simulator. The f i l l  factor of the cells was 

determined from the I-V characteristic (ref. 1). Reverse diode leakage and forward 

resis tance were measured on a curve t r ace r  oscilloscope. The r eve r se  diode leakage 

is the value of the current  f o r  the unilluminated cell when biased in the reverse  direction 
and read at a voltage of 0.6 volt. The forward resistance is the slope of the I-V curve 

of the unilluminated cell taken in the forward direction in the range of 300 to 400 milli- 

amperes .  

RESULTS 

The resul ts  of the 1 0 0 0 ~  C redistribution experiment a r e  summarized in table I. 

The second and third columns list values of sheet conductance after saturation diffusion 

and 1 0 0 0 ~  C redistribution, respectively. The ratio of these values in column five 

shows that an increase in sheet conductance by a factor of between two and six is caused 

by redistribution at 1 0 0 0 ~  C even though the blue oxide layer  was removed from the 

wafers.  Two undiffused P-type wafers  were  included in these redistributions. The 

change in their four-point probe conductance, if attributed to phosphorus in-diffusion 

f rom the furnace, is not l a rge  enough to account for  the changes observed on the diffused 

wafers.  This increase in sheet conductance indicates that either o r  both of two effects 

a r e  caused by redistribution. The f i r s t  is that phosphorus in the silicon latt ice is con- 

verted to donors from some other form. The second is that the mobility of the donor 

electrons already present is increased by the redistribution. 

The data for  the 800' C diffusions and redistributions a r e  summarized in table I1 

and figures 1 to 7. The data  a r e  grouped according to diffusion procedure. The t reat-  

ment of these wafers differs f rom those reported in table I in that they were  not re -  

moved from the furnace between diffusion and redistribution, and redistribution was a t  

800' C. Results of measurements of sheet conductance, 0.4-micrometer short  circuit  



current ,  total short  circuit current ,  fill factor,  reverse  leakage, and forward resistance 

a r e  discussed separately hereinafter. 

The saturation diffusion wafers  in table I1 and figure 1 a r e  typical of 800' C diffu- 

sions f o r  so la r  cell fabrication. Observation of the sheet conductance after redistribu- 

tion of the wafers  show a r i se ,  s imi la r  to the 1 0 0 0 ~  C redistribution of table I. It should 

be recognized, however, that a phosphorus-rich oxide layer  was present on the surface 

during the redistributions reported in table 11. This could have acted as a second source 

of donors. 

The effect of a final POC13 exposure is to decrease sheet conductance. It may be  

noted in figure 1 that these wafers,  if plotted a s  a function of final POC13 t imes ra ther  

than initial, would f a l l  near  the straight l ine drawn through the saturation diffusion data. 

The final exposure sheet conductances appear to depend primarily on final exposure 
time. 

0.4-Micrometer Short Circuit Cur ren t  

These data  a r e  presented in table I1 and in figure 2 a s  a function of sheet  conduct- 

ance. After redistribution the cells exhibit much higher blue response than saturation 

diffused cells over the same  sheet conductance range. Indeed, they exhibit much higher 

blue response than any saturation diffused cells produced at Lewis. After final POC13 

exposure, the sheet conductance and blue response a r e  lower than with only a redis tr i -  

bution step. These cells do not show the drast ic  decrease in the blue response at low 

sheet conductance exhibited by saturation diffusion alone. 

Reverse Leakage 

In table I1 and figure 3 r eve r se  leakage is observed to increase a s  sheet conductance 

decreases  for  the saturation diffused cells. This condition has been used in previous 

work (ref. 1) to explain the drop in blud response of such cells a t  low sheet  conductance. 

After redistribution, reverse  leakage is seen to be  l e s s  by a factor of about ten than in 

saturation diffused cells a t  low sheet conductance values. Final exposure appears to 
increase leakage but no t  to the initial values. 



Total S h s r K i r c u i t  Cur ren t  

The total shor t  circuit  current  for  saturation diffused cel ls  in table I1 and figure 4 

exhibit a decrease  with decreasing sheet conductance s imi la r  to the blue response data.  
Both the blue and total response current a r e  higher af ter  redistribution. This increase  

in total current  comes entirely from the short  wavelength half of the spectrum. Total 

currents  after final exposure a r e  degraded but not to the extent that they a r e  after sat- 
uration diffusion. 

Forward Resistance 

In figures 5 and 6 forward resistance is plotted against the reciprocal of the sheet  

conductance and the reciprocal of the initial POC13 exposure t ime, respectively. The 

figure 5 plot implies that redistribution of the wafers  causes an increase in forward re -  

sistance. Figure 6 indicates however that, a s  a function of initial POC13 exposure, the 

redistribution has  not affected forward resistance. The figure 5 relation appears  to  b e  

that of the effect of redistribution on sheet conductance. A s  in figure 1 the points f o r  

final POC13 exposure a r e  also plotted against final exposure time. Although the data  

a r e  somewhat scat tered,  it appears that the forward resis tance is more dependent on 

the final exposure t ime than the initial. 

Fill Factor 

The relatively deep junction (high sheet conductance) saturation diffused cells have 

by f a r  the highest f i l l  factors  (fig. 7). Redistribution does not improve the low fil l  

factors  on the shallow junction (low sheet conductance) cells. In order  to utilize the 

improved blue response of redistribution cells to increase so la r  cell efficiency, fill 

factors  comparable to deeper junction saturation cel ls  must be  obtained. 

In an attempt to obtain deep junction redistributed cells,  diffusion plus redistribu- 

tion was briefly investigated at a higher diffusion temperature. Data from such 900' C 

diffusions is listed in  table 111. The high sheet conductance values indicate that the 

higher temperature drove the junctions in much deeper than at 800' C. The low blue 

response with low reve r se  leakage observed a r e  typical of deep junction saturation dif- 

fusions. It  appears that even the longest redistribution t imes did not improve diffused 

layer collection in these cells. 

One cell, the 2-minute POC13 exposure with 120-minute redistribution, exhibited a 

very high blue response. This cell, however, had a discolored surface which may have 



acted a s  a antireflecting coating thus invalidating comparison with the other cells. The 

900' C redistribution cells exhibit much higher forward resis tance than those a t  800' C. 

The 800' C diffusion plus redistribution experiments indicate that an increase in 

collection of current  f rom the diffused layer  of silicon so lar  cells can be  achieved. 

However, this method also leads to degradation of other cell parameters  such a s  fill 

factor.  This la t te r  effect must be corrected i f  the improved collection is to be utilized. 

SUMMARY OF RESULTS 

Comparison of silicon solar  cells fabricated from saturation phosphorus diffused 

wafers  with cells fabricated from diffused and redistributed wafers  yielded the following 

results:  
1. The 1 0 0 0 ~  C redistribution of phosphorus diffused silicon resulted in an increase 

of sheet conductance by a factor of two to s ix  even though the blue oxide coating was re-  

moved f rom the wafers.  This indicates that either o r  both of two effects a r e  caused by 

this redistribution. The first is that phosphorus in the silicon latt ice is converted to 

donors f rom some other form. The second is that the mobility of the donor electrons 

already present is increased by redistribution. 

2. Redistribution of saturation diffused wafers a t  800' C produced so lar  cells with 

higher response to shor t  wavelength radiation than were  produced f rom saturation dif- 

fusions alone. 

3. Solar cells fabricated f rom silicon wafers  that received t;,- treatment,  diffusion, 

redistribution, final 5- o r  10-minute-source exposure, also exhibited improved short  

wavelength response, but not a s  much s o  a s  those described in point 2. 
4. Cells made f rom redistribution wafers ,  and f rom redistribution plus final source 

exposure wafers,  exhibited poor f i l l  factors  just a s  did saturation diffused cells with 

shallow junctions. 

5. Redistribution at 800' and 900' C increased the sheet conductance of diffused 

wafers.  
6. Final POC13 exposure reduced sheet conductance f rom its value after redistri-  

bution. The final sheet conductance appears  to be primarily determined by the final 

exposure rather than the initial. 

7. Redistribution reduced r eve r se  leakage. The final POC13 exposure raised re-  

ve r se  leakage but not a s  high a s  with initial saturation diffusion alone. 
8. Redistribution did not change forward resis tance of cells. Final POC13 expo- 

su re ,  however, reduced forward resistance. 



9. An attempt to improve deep junction cel ls  by redistribution was unsuccessful. 

Heat t reatments  for  up to 2 hours of wafers  diffused a t  900' C for 2 to 30 minutes did 

not enhance the shor t  wavelength response. 

Lewis Research Center,  

National Aeronautics and Space Administration, 

Cleveland, Ohio, September 16, 1970, 

120-33. 

REFERENCES 

1. Kautz, Harold E . : Phosphorus Diffusion Conditions for  Shallow- Junction Solar Cells. 

NASA TN D-5629, 1970. 

2. Levine, E. ; Washburn, J. ; and Thomas, G. : Diffusion-Induced Defects in Silicon. 

I. J. Appl. Phys. ,  vol. 38, no. 1, Jan. 1967, pp. 81-87. 

3. Levine, E. ; Washburn, J. ; and Thomas, G. : Diffusion-Induced Defects in Silicon. 

11. J. Appl. Phys. ,  vol. 38, no. 1, Jan. 1967, pp. 87-95. 

4. Joshi, M. L. ; Ma, C. H. ; and Makris, J. : Residual Strains in Phosphorus-Diffused 

Silicon. J. Appl. Phys.,  vol. 38, no. 2, Feb. 1967, pp. 725-734. 

5. Pa rke r ,  T. J. : Diffusion In Silicon. I. Effect of Dislocation Motion on the Diffusion 

Coefficients of Boron and Phosphorus in  Silicon. J. Appl. Phys. , vol. 38, no. 9 

Aug. 1967, pp. 3471-3474. 

6. Jaccodine, R. J. : Precipitates Formed by High-Concentration Phosphorus Diffusion 

in Silicon. J. Appl. Phys. , vol. 39, no. 7, June 1968, pp. 3105- 3108. 

7. Smits, F. M. : Measurement of Sheet Resistivities with the Four-Point Probe. Bell 

Syst. Tech. J . ,  vol. 37, no. 3, May 1958, pp. 711-718. 

8. Mandelkorn, Joseph; Broder,  Jacob D. ; and Ulman, Robert P. : Filter-Wheel Solar 

Simulator. NASA TN D-2562, 1965. 



TABLE I. - COMPARISON OF POST DIFFUSION SHEET CONDUCTANCE TO 

1 0 0 0 ~  C REDISTRIBUTION IN A REDUCING ATMOSPHERE 



TABLE 11. - CHARACTERISTICS OF  SILICON SOLAR CELLS FABRICATED 

FROM 800' C DIFFUSED AND REDISTRIBUTED WAFERS 

Diffusion and 

redistribution 



TABLE 111. - CHARACTERISTICS O F  SILICON SOLAR CELLS 

FABRICATED FROM 900' C DIFFUSED WAFERS 

a ~ o t  measured. 

diffusion 

Diffusionand 

redistribution 

o Saturation diffusion 
A Diffusion and redistribution 
@ Diffusion, redistribution, and final POC13 

10x10-3 Diffusion plotted against final POC13 time 

Figure 1. - Effect of redistribution on 0 of 800" C diffu- 
sed wafers. 
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Figure 6. - Forward resistance plotted against i n i t i a l  POC13 exposure 
for  800" C di f fus ion.  
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Figure 7. - F i l l  factor plotted against sheet conductance di f fus ions 
w i th  POCI3 at 800' C. 
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