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ABSTRACT
 

Evaluation was performed for three sheet silicon forms:
 

(a) EFG (RH)Multi-Ribbon (Mobil-Tyco)
 

(b) Dendritic Web (Westinghouse)
 

(c) Cast Silicon by HEM (Crystal Systems),
 

A number of solar cell fabricationprocesses were used and average 2MO efficiencies 

obtained were as follows: 

(a) EFG Cells
 

(i) BSF Process 
 7.3%
 

(ii) Grain Boundary Passivation* 7.5%
 

(b) Dendritic Web Cells
 

(i) Shallow Junction Plus BSF 11.1%
 

(ii) BSF Plus Back Surface Reflector (BSR) 12.8%
 

(c) HEM Cells
 

(i) Standard Process 9.5%
 

The junction shunting problems caused by the BSF process were analyzed using 

ion microprobe/SIMS and an optical microscope, indicating aluminum contamination 

of the front junction area in the form of alloy pits. 

*Refer to Section A, 1.0 for details.
 

-i-0
a 



TABLE OF CONTENTS
 

PAGE 

ABSTRACT -


TABLE OF CONTENTS ii
 
LIST 	OF FIGURES iv
 

LIST 	OF TABLES vi
 

INTRODUCTION 	 1
 

I TECHNICAL DISCUSSION 	 3
 

A. EFG (RH) Multi-Ribbon Solar Cells 	 3
 

1.0 	Solar Cell Fabrication 3
 
Surface Etching Tests 3
 
Surface Texturizing 4
 
Gettering by Diffusion Glass 4
 
Gettering by Mechanical Damage 5
 
Grain Boundary Passivation 5
 
Back Surface Field Process 6
 

2.0 	Solar Cell Performance and Characterization 6
 
Characteristics Under Illumination 6
 
Spectral Response 7
 

B. Dendritic Web Solar Cells 	 13
 

1.0 	Solar Cell Fabrication 13
 

2.0 	Solar Cell Performance and Characterization 13
 
Characteristics Under Illumination 13
 
Spectral Response 14
 

C. HEM Solar Cells 	 18
 

1.0 	Solar Cell Fabrication 18
 

2.0 	Solar Cell Performance and Characterization 18
 
Characteristics Under Illumination 18
 
Spectral Response 19
 

D. BSF Process Development 	 27
 

1.0 	Junction Shunting by the BSF Process 27
 
2.0 	Discussion on BSF 30
 

-ii1



PAGE
 

III. CONCLUSIONS AND RECOMMENDATIONS 45 

IV. WORK PLAN STATUS 47 

V. REFERENCES 48 

APPENDICES 

I - Time Schedule 

II - Abbreviations 

III -

IV -

Electrical Data Sheets for Solar Cells From Multi-Ribbon EFG 
(RH) 

Electrical Data Sheets for Solar Cells From Dendritic Webs 

V - Electrical Data Sheets for Solar Cells From HEM 

-iii



LIST OF FIGURES
 

PAGE
 

Figure I 	Spectral Response of Solar Cells From EFG (RH); Surface
 
Etching Process 
 10
 

Figure 2 	Spectral Response of Solar Cells From EFG (RH) Ribbons; BSF
 
Process 
 11
 

Figure 3 	Spectral Response of Solar Cells From EFG (RH).Ribbons;
 
Grain Boundary Passivation Process 
 12
 

Figure 4 	Specttal Response of Solar Cells From Dendritic Web; 
l"xl. Cells With Shallow Junction and BSF Process 16 

Figure 5 	Spectral Response of Solar Cells From Dendritic Web;
 
2x2 cm Cells With Shallow Junction, BSF and BSR Process 17
 

Figure 6 
Microscopic Photographs of Inclusions (or Precipitates)
 
Found in HEM Silicon (Crystal Systems Run #314C); 200X 24
 

Figure 7 	Spectral Response of Solar Cells Fabricated From Single
 
Crystalline HEM; Standard Process 
 25
 

Figure 8 
Spectral Response and Solar Cells Fabricated From
 
Polycrystalline HEM; Standard Process 
 26
 

Figure 9 	Typical Illumination Characteristics of Two BSF Process
 
Solar Cells; A Good Cell and A Shunted Cell 33
 

Figure 10 	Surface Junction Contaminants From the BSF Process 
 34
 

Figure 11 	 Front Surface Analysis (SIMS, mass spectrum) of a Solar Cell
 
From the BSF Process 
 35
 

Figure 12 	Depth Profile of Aluminum by Ion Microprobe/SIMS 36 

Figure 13a 	Aluminum Penetration Profile (SIMS) on a CZ (100) Wafer 
 37
 

Figure 13b 	Aluminum Penetration Profile (SIMS) on a CZ (111) Wafer 
 38
 

Figure 13c 	Aluminum Penetration Profile (SIMS) on a Dendritic Web 
 39
 

Figure 14 	Aluminum Depth Profile (SIMS) of the BSF Applied on a CZ
 
(100) Wafer 
 40
 

Figure 15 	Aluminum Depth Profile (SIMS) of the RSF Applied on a CZ
 
(111) Wafer 
 41
 

Figure 16 	Aluminum Depth Profile (SIMS) of the BSF Applied on a
 
Dendritic Web 
 42
 

-iv



Figure 17 Aluminum Depth Profile (SIMS) of the BSF Applied by Boron
 
Nitride Diffusion on CZ Silicon 43 

Figure 18 Boron Depth Profile (SIMS) of the BSF Applied by Ion 
Implantation on a CZ Silicon 44 

-V



LIST OF TABLES 

PAGE 

Table 1 Summary of Parameters of Solar Cells Fabricated From EFG (RH) 
Multi-Ribbons After Surface Treatments 8 

Table 2 Summary of Parameters of Solar Cells Fabricated From EFG (RH) 
Multi-Ribbons Using Process Modifications 9 

Table 3 Summary of Parameters of Solar Cells Fabricated From Dendritic 
Webs Using Process Modifications 15 

Table 4 Summary of Parameters of Solar Cells Fabricated From HEM; 
Standard Process 21 

Table 5 Comparison of HEM Solar Cell Parameters Under AMQ and AMl 
Illumination Conditions 22 

Table 6 An AMO-AMl Conversion Ratio of Short Circuit Current Density 
and Efficiency of HEM Solar Cells 23 

-vi



---

INTRODUCTION
 

This program investigates, develops and utilizes technologies appro

priate and necessary for improving the efficiency of solar cells made from 

various unconventional silicon sheet materials. During this reporting 

period, work has progressed in fabrication and characterization of solar
 

cells from EFG (RH) multi-ribbob, dendritic webs and cast silicon by HEM.
 

Solar cells were fabricated using various process modifications, such as
 

shallow junction formation, BSF, back surface reflector (BSR), suface
 

etching and texturizing, gettering by mechanical damage and diffusion 

glass and grain boundary passivation.
 

The solar cell parameters measured included open circuit voltage,
 

short circuit current, curve fill factor, and conversion efficiency (all
 

taken under AMO illumination). Additional measurements under AM1
 

conditions have been included, for direct evaluation and to collect
 

information on the AMI/AMO conversion factors for the various sheet
 

materials. Also, measurement for typical cells included spectral response
 

and minority carrier diffusion length. No data on dark I-V characteristics
 

and photoresponse by fine light spot scanning was included since the 

results were similar to those reported in earlier technical reports. The
 

obtained results were compared to the properties of cells made from 

conventional single crystalline Czochralski silicon with an emphasis on 

statistical evaluation. Increased emphasis was given toward modifying the
 

process to yield increased performance.
 



The BSF process is a well-known and widely used technique to improve 

silicon solar cell performance by increasing Voc and I sc A common method 

to form a BSP is to screen print aluminum paste, followed by an alloy 

formation step at an elevated temperature. This process can provide advan

tages in solar cell performance, but in practice can also give possible
 

yield problems, mainly due to junction shunting or leakage. Work has
 

progressed to identify the problems using an ion microprobe/SIMS and an 

optical microscope.
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II. TECHNICAL DISCUSSION
 

A. EFG (RH)MULTI-RIBBON SOLAR CELL
 

1.0 SOLAR CELL FABRICATION
 

The EFG ribbons delivered were RH furnace grown with multiple dies.
 

Measured resistivity was around 1 ohm-cm with p-type conductivity. The
 

Fourth Quarterly Report (I) gave detailed information on the starting
 

blanks and performance results of solar cells fabricated by the standard
 

process and by the higher efficiency process. In this reporting period, 

efforts have continued in an attempt to improve cell efficiency by using 

various modified process steps. The ribbon blanks (2x2 cm) were sliced and
 

divided into two groups; one for the modified process and the other for the 

unmodified piocess. In each case the CZ silicon blanks of about the same 

resistivity were added and processed in parallel with the EEG blanks. This 

provided a direct check of the effect of each additional processing step.
 

Details of the process modification are described in the following section
 

and performance results are given in Section 2.0.
 

Surface Etching Tests
 

In a previous report (I), it was reported that a short-time POC13
 

diffusion followed by a thin surface etch-off step, prior to cell junction
 

formation, showed an increase in cell output. However, the result did not
 

indicate whether the POCI 3 diffusion or the surface etching step was
 

responsible for the enhanced output. As a consequence, a simple surface
 

etching test was carried out; the EFG blanks were placed in plastic
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carriers and dipped in a planar etch solution for 30 seconds. Standard 

solar cells were fabricated using the blanks.
 

Surface Texturizing
 

Surface texturizing processes using orientation-dependent etching
 

techniques have been developed to reduce the-reflection of incident light 

from the front surface, leading to an improvement in solar cell efficiency. 

Single crystal solar cells fabricated in this fashion have shown a 

significant increase in short-circuit current under illumination. An 

experiment was performed to assess the feasibility and the effect of
 

surface texturizing process on the performance of solarcells made from the 

EFG ribbons. 

The texture etching apparatus used in this experiment included a hot
 

plate and a solution container. EFG ribbon blanks were placed vertically
 

in a plastic carrier, and immersed for about 20 minutes in a texturizing
 

solution (2% NaOH + 8% Isopropyl Alcohol in DI water) maintained at 80°C.
 

A partially textured surface was observed, indicating a large variation in 

crystal orientation throughout the entire surface of the EFG ribbons. 

Gettering by Diffusion Glass
 

The objective of this experiment was to determine whether a phospho

silicate glass gettering step could improve cell output by removing the
 

undesired impurities, possibly introduced by the dies and the growth cham

ber. Thus, tests were carriedout to grow a phospho-silicate glass layer on 

the wafer surface using a standardPOCI 3 diffusion at 875 C. Deposition of 

the glass layer lasted for about forty (40) minutes and the glass layer and 

a thin surface layer (about 1-2 pm) of the EFG were removed before the 
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standard solar cell process. Note: No extra heat treatment was used after 

the deposition of the diffused layer.
 

Gettering by Mechanical Damage
 

It is well known that the mechanical damage on the silicon surface can 

getter bulk impurities and defects when proper process steps are used. EFG 

ribbons were sand blasted on the back side and then cleaned in Aqua Regia 

to remove possible contaminants fiom the sand blasting step. Solar cells 

were fabricated by forming junctions both front and back, etching-off the 

back damaged layer and evaporating contacts. A standard diffusion cycle, 

contact pattern and AR coating were used for this process.
 

Grain Boundary Passivation
 

Attempts were made to enhance carrier collection efficiency for the
 

EFG ribbons by utilizing a preferential diffusion along grain boundary at
 

low temperature. This scheme (so called grain boundary passivation)
 

offers the possibility of an increase in conversion efficiency of the FFG
 

cells. The test was carried out by deposition of a dopant -source (20
 

minutes POCI3 diffusion at 875 C), followed by drive-in at low temperature
 

(6000C for 24 hours in N2 atmosphere). Finally, the glass layer was
 

removed and a standard process was used to complete the cells. Note:
 

Efforts to passivate grain boundaries of Wacker "Silso" wafer were tried
 

using a spin-on diffusion source. The results were reported in the First
 

Quarterly Report of this contrdct.
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Back Surface Field Process
 

Solar Cells were fabricated using the BSF process described in 

Appendix III of reference (2).
 

2.0 SOLAR CELL PERFORMANCE AND CHARACTERIZATION 

Characteristics Under Illumination 

Finished solar-cells had evaporated SiO AR coatings and about 90% 

active area with Ti-Pd-Ag metallization. Solar cell parameters, such as 

Isc, Voc, CFF and 77, were measured under an AMO simulator at 250C test 

block temperature. Descriptions of the simulator and the light intensity 

calibration methods used are discussed in Appendix IV of reference (2) for
 

the AMO conditions.
 

Solar cell parameters of individual EFG cells having undergone a 

surface treatment (two batches of plain surface etching and one batch of
 

surface texturizing) are given in Appendix III and Table 1 summarizes the
 

results. The table suggests that there is no significant change in 

performance between cells with the treatment and the cells without the 

treatment. An average AMO eficiency of EFG control is around 6%.
 

Solar cell parameters from other process modifications, such as
 

gettering diffusion glass, grain boundary passivation or the BSF process
 

(see Section 1.0 for the details), are summarized in Table 2. Solar cells
 

from the gettering test did not show any improvment in efficiency. How

ever, solar cells from grain boundary passivation (GP) and the BSF process
 

did show significant improvement in efficiency, indicating an average AMO
 

efficiency of 7.5% for the GP process cells and 7.3% for the BSF cells. A
 

few 
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BSF cells still showed junction shunting problems (see Appendix II= for
 

individual,cell data) and the statistics in the table did not include these
 

shunted cells. Solar cells utilizing surface mechanical damage gettering
 

gave poor performance, low Voc and CFF, mainly due to insufficient removal 

of the damaged layer. As a consequence, no electrical data are reported on 

these cells.
 

Spectral Response
 

Absolute spectral response (A/W) was made using a filter wheel set-up
 

(see Appendix V of reference 2) for the details). Response versus wave

length of the EFG solar cells from the process modifications is given in 

Figure 1 for the surface etching, Figure 2 for the BSF, and Figure 3 for 

the GP. Overall response of the EFG cells from the surface etching was 

about the same as the respone of the standard EFG cells described in the 

previous report (1). However, response of the BSF and the GP process cells 

showed significant improvement in long wavelength response, especially the 

cell with the GP process. "This suggests that there might he a possible 

impurity redistribution in the bulk, or curing of crystallographic defects
 

from a relatively long period of heat treatment at low temperature (600°C
 

for 24 hours).
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TABLE 1
 

SUMMARY OF PARAMETERS OF SOLAR CELLS FABRICATED FROM EFG (RH) MULTI-RIBBONS AFTER SURFACE TREATMENTS 

SURFACE ETCHING 	 SURFACE TEXTURIZING
 

Control2
 

EFG Control 2 	 EFG 


V (mv) Average 	 514 505 519 512
 
Standard Deviation 12 12 	 ---


Range 	 502-538 495-511 516-524 506-517
 

7 (mA/cm2 Average 	 23.2 23.5 21.9 21.2
 
Standard Deviation 	 2.4 
 1.6 ---


Range 19.8-26.3 22.7-25.1 21.4-22.6 20.7-21.9
 

CFF (%) Average 66 69 70 69 
Standard Deviation 5 4 ---

Range 58-73 65-74 70-71 66772 

?7 Average 5.8 6.0 5.9 5.6 
Standard Deviation 0.5 0.6 ...... 

Range 5.2-6.5 5.8-7.0 5.7-6.2 5.1-5.8 

NOTES: 1. 	 Cells with standard process (2x2 cm, SiO AR coating) measured under AMO conditions at 250 C test
 
block temperature.
 

2. Control cells mean EFG cells fabricated without surface treatment.
 
3. 	 Sample Size: Surface Etching - EFG: ii cells
 

EFG Control: 6 cells
 



2TABLE 

SUMMARY OF PARAMETERS OF SOLAR CELLS FABRICATED FROM BEFG (RH) MULTI-RIBBONS USING PROCESS MODIFICATIONS 

Voc (mv) 


s(mA/cm ) 

CFF (%) 


(%) 


Average 


Standard Deviation 

Range 


Average

Standard Deviation 


Range 


Average 

Standard Deviation 


Range 


Average 

Standard Deviation 


Range 


GETTERING G.P.* BSF
 

503 537 532
 

9 14 7
 

487-516 516-550 519-540
 

22.4 25.9 26.2
 
0.8 1.5 0.8
 

21-23.3 23.8-27.8 24.8-27.3
 

70 73 71
 
5 3 4
 

59-74 68-75 61-74
 

5.8 7.5 7.3
 
0.6 0.8 0.6
 

4.7-6.3 6.2-8.2 6.0-7.9 

NOTES: 1. Cells (2x2 cm) with SiO AR coating measured under AMO conditons at 250C test block temperature.
 
2. Sample Size: Gettering - 6 cells
 

G.P - 6 cells
 
BSF - 10 cells
 

*Grain boundary passivation
 



FIGURE I 

SPECTRAL RESPONSE OF SOLAR CELLS FROM EFG (RH); SURFACE ETCHING PROCESS 
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FIGURE 2
 

SPECTRAL RESPONSE OF SOLAR CELLS FROM EFG (RH) RIBRONSj SSF PROCESS 
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FIGURE 3 

SPECTRAL RESPONSE OF SOLAR CELLS FROM EFG (RH) RIBBONS; 

GRAIN BOUNDARY PASSIVATION PROCESS 
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B. J)NDRITIC WEB SOLAR CELLS
 

1.0 SOLAR CELL ,FABRICATION
 

Standard process solar cells were fabricated from dendr±tic webs and
 

-the performince results have been reported in reference (l); During this 

reporting period; work has prog2essed'to fabricate'solar cells, utilizing
 

,shallow 	junction, fine grid line patterns, BSF and BSR processe., 

Solar cells" x " were fabricated using the BSF process., -A shallow
 

junction was formed to improve blue response (a sheet resistance about 50
 

ohm/square) and the front grid lines were applied using fine photomask
 

patterns, which gave about 92% active area. Finally, a multi-layer AR
 

(MLARY"c6ating was evaporated- the cells to minimize surface reflection.
 

-Efforts were directed found mkihg the 'est-state-of-the-art solar
 

cells -from dendritic webs on "2x2 cm blanks.: The key process steps used
 

were the same'as above, with'the addition of a back suface reflector (BSR).
 

2.0 	 SOLAR CELL PERFORMANCE'AND CHARACTERIZATION
 

Characteristtcs Under Illumination
 

Solar cell'parameters, such as Isc, Voc, CFF and 77,were measured
 

under AVO'and AM1 conditons at 250C test block temperature. Individual
 

electrical data are given in Appendix IV. Descriptions of the simulators
 

and light interisiLy calibration methods used are discussed in Appendix IV
 

of reference (2) for -the AMO conditions and Appendix I-I of reference (1)
 

for the A41 conditions.
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Table 3 summarizes the important parameters of high performance web 

cells; "A" for the i" x 1" web cells with shallow junction, MLAR coating
 

and BSF process and "B" for the best-state-of-the-artprocess cells (2x2 

cm) with the addition of BSR prqcess to "A". Dendritic web solar cells 

from both "A" and "B" showed significant imprqvement in efficiency over the 

standard web solar cells (see previous report (1)); an average AMO 

efficiency of 10.1% for the standard cells versus l1.1%for the web "A" 

cells and 12.8% for the web "B" cells. A wet gell from the "B" process 

showed an AMO efficiencyas high as 14.2, which corresponds to measured 

AM1 efficiency of 15.5%.
 

Spectral Response 

Absolute spectral response (AlW) was made using a filter wheel set-up
 

(see Appendix V of reference (2) for the details). Response versus wave

length is given in Figure 4 for the 1" x i" web cells and in Figure 5 for 

the 2x2 cm cells. Figure 4 indicates that significant improvement in blue 

response is noticed compared with the standardcells reported earlier. One 

web cell (04cell) shows lower overall response than the other (#l cell),
 

suggesting an inconsistency in silicon sheet quality. Czochralski control
 

cells of about the same resistivity showed higher response in the long 

wavelength region. Figure 5 shows similar results from the best-state-of

the-art process (2x2 cm). The response at wavelength 0.45 Am indicates a 

quantum efficiency higher tMan 100%. This could eithe; be due to a 

measurement error due to low light level at this wavelength along with a 

reduced response from the standard cell, or possibly to impact ionizatign.
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TABLE 3
 

SUMMARY OF PARAMETERS OF SOLAR CELLS FABRICATED FROM DENDRITIC WEBS USING PROCESS MODIFICATIONS
 

A B 

WEB CONTROL WEB
 

VOC (mv) Average 564 584 585Standard Deviation 23 --- 11 

Range 520-588 580-588 569-604
 

Tsc (mA/cm ) Average 36.2 37.6 39.4 
Standard Deviation 1.7 --- 0.9 

Range 32.9-37.8 37.5-37.8 37.8-41.0 

CFF (%) Average 73 75 75 
Standard Deviaton 2 --- 3 

Range 71-77 73-77 70-78 

27 Average I1.1 12.1 12.8 
Standard Deviation 1.1 --- 0.7 

Range 9.4-12.6 11.9-12.6 ii.6-14.2 

NOTES: 1. A: i" x 1" cells with shallow junction, MLAR coating and BSF process.
 
B: 2 x 2 cm cells with shallow junction, MLAR, BSF and BSR process. 

2. Cells measured under AMO conditions at 250C test block temperature.
 
3. Sample Size: A - Web: 7 cells 

Control: 3 cells
 
B - Web: 10 cells
 

4. Control cells mean cells fabricated from CZ silicon of about the same resistivity.
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FIGURE 4 

SPECTRAL RESPONSE OF SOLAR CELLS FROM DENDRITIC WEB; 
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FIGURE 5
 

SPECTRAL RESPONSE OF SOLAR CELLS FROM DENDRIPIC WEB;
 
2x2 CM CELLS WITH SHALLOW JUNCTION, BSF AND BSR PROCESS
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C. HEM SOLAR CELLS
 

1.0 SOLAR CELL FABRICATION
 

Blanks (2x2 cm) were prepared-by slicing the cast silicon blocks using 

an ID saw. The silicon blocks were prepared from three casting experiments 

at Crystal Systems; run numbers 342C, 349C and 314C. Measured resistivity 

of.the sliced blanks ranged between 0.5 ohm-cm and 1.5 ohm-cm with p-type 

conductivity. One cast ingot (Run #314C) showed resistivity variations 

between 0.8 and 1.5 ohm-cm froni end-to-end of the 3" block. Approximately 

half of the blanks showed some degree of polycrystallinity while the other
 

half was single crystal. Minority carrierdiffusion lengths (SPV method) 

were in the range 30 to 80 pm. 

The thickness, of the starting blanks was 16 mils which were thinned 

down to about 13 mils using a planar etching solution. Two batches of 

solar cells were fabricated using the standardprocess (see Appendix III of 

reference (2) for the details of the process); one batch contained single
 

crystalline HEM and the other batch was polycrystalline HEM.
 

2.0 SOLAR CELL PERFORMANCE AND CHARACTERIZATION
 

CharacteristicsUnder Illumination 

Solar cell parameters, such as Isc, Voc, CFF and q, were measured 

under AMO and AM1 solar simulation at 25°C test block temperature. Elec

trical data sheets in Appendix V give detailed information on individual 

cells; single crystal HEM cells (1st batch) and polycrystalline HEM cells
 

(2nd batch). Table 4 summarizes the cell parameters of the two batch 

processes
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showing an average AMO efficiency of 9.5% for the single crystalline HEM 

cells and 7.6% for the polycrystalline HEM cells. Significant difference 

in performance between the two batches was due to the difference in CFF; an 

average CFF of 73% for the single crystal HEM cells versus 63% for the poly 

HEM cells. Low CFF of the poly HEM was partly due to the inclusions 

observed in the bulk HEM material. Figure 6 shows microscopic photographs 

of the inclusions (or possibly precipitates); (a) for the precipitates at 

the grain boundary and (b) for the precipitates in the bulk. Note, the 

inclusions were observed on the poly section of ingot run number 314C, 

specifically at the position close to the last part of solification.
 

Selected solar cells were tested under AM1 conditions and Table 5
 

summarizes the results. Single crystalline HEM solar cells showed an
 

average AM1 efficiency of 10.8%, while that of the control cells showed
 

12.5%. Table 6 gives AMO-AMI conversion ratio of Jsc and 7 for both the
 

HEM solar cells and the control cells. The table indicates that AM1
 

efficiency of the HEM and the control cell is approximately 13-14% higher
 

than lMO efficiency.
 

Spectral Response
 

Absolute spectral response (A/W) was measured using a filter wheel
 

set-up (refer to Appendix V of reference (2) for the details). Responses
 

are plotted in Figure 7 for the single crystalline HEM cells and in Figure
 

8 for the poly HEM cells. In both cases, a good cell and a,bad cell were
 

shown in the figures and significant difference in long wavelength
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response is -noticed: long wavelength response of the control cell is
 

considerably lower than the previous control cells which this could
 

possibly be due to measurement error.
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TABLE 4 

SUMMARY OF PARAMETERS OF SOLAR CELLS FABRICATED FROM HEM; STANDARD PROCESS 

HEM (Single) HEN (Poly) CZ Control
 

Voc (mv) Average 584 584 593
 
Standard Deviation 8 8 1
 

Range 574-598 570-599 592-595
 

7sc (mA/cm ) Average 30.1 28.2 33.4 
Standard Deviation 1.4 2.0 0.4 

Range 28.3-32.5 24.3-31.3 32.8-33.8 

CFF (%) Average 73 63 76
 
Stindard Deviation 4 7 2
 

Range 60-77 51-73 74-78
 

7() Average 9.5 7.6 11.1
 
Standard Deviation 0.8 0.9 0.3 

Range 7.6-10.6 6.7-9.4 10.8-11.6 

NOTES: i. Cells (2x2 cm) with SiO AR coating measured under AMO conditions at 25 C test block temperature.
 
2. Sample size: HEM (single): 20 cells
 

HEN (poly): 14 cells
 

CZ Control: 5 cells
 



TABLE 5 

COMPARISON OF HEM SOLAR CELL PARAMETERS UNDER AMO AND AM1 ILLUMINATION CONDITIONS 

HEM 	 CONTROL
 

AMO AM1 AMO 	 AM1
 

Voc (mY) Average 583 579 59-3 587 
Standard Deviation 7 8 ---

Range 578-598 571-591 592-594 586-588 

7sc (mA/cm ) Average 30.0 25.9 33.5 27.8 
Standard Deviation 5.6 1;2 ...... 

Range 	 28.5-31.8 24.5-27.3 33.3-33.8 27.5-28.0
 

CFF (?) Average 	 74 72 75 77
 
Standard Deviation 2 2 ...... 

Range 71-77 71-74 74-76 76-78 

Average 	 9.5 10.8 11.1 12.5 
•Standad 	Deviation 0.6 0.7 ...... 

Range 9.0-10.2 10-11. 8 10.8-11.3 12.2-12.8 

NOTES: 1. Data based on selected sample measurement for AM1.
 
2. 	 Solar cells with Sib AR coating measured at 250C test block temperature.
 
3. 	 See Appendix IV of reference (2) for AMO simulation conditions and Appendix V of reference (1)
 

for AM1 simulation conditions.i
 



TABLE 6 

AN AMO-AM1 CONVERSION RATIO OF SHORT CIRCUIT CURRENT DENSITY (J sc) 

AND EFFICIENCY () OF HM SOLAR CELLS 

jSC 	 AO/AMI n, AMI/AMO 

HM 	 1.16 1.14 

1.21 	 1.13UCONTROL 

NOTES: 1. Data based on selected sample measurement for AM1. 
2. 	 Solar cells with SiO AR coating measured at 250C test 

block temperature. 
3. 	 See Appendix IV of Reference (2) for ANO simulation conditions
 

and Appendix II of reference (1) for AMI simulation conditions. 
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FIGURE 7 

SPECTRAL RESPONSE OF SOLAR CELLS FABRICATED FROM SINGLE CRYSTALLINE HEM; STANDARD PROCESS
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SPECTRAL RESPONSE OF SOLAR CELLS 

FIGURE 8 

FABRICATED FROM POLYCRYSTALLINE REM; STANDARD PROCESS 
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D... BSF PROCESS DEVELOPMENT
 

The BSF process is a well-known and widely used technique to improve
 

silicon solar cell performance by increasing open circuit voltage and 

short ,circuit current. A common method to form a BSF is to screen print 

aluminum paste, followed by an alloy formation step at an elevated tempera

ture, typically around 8000C, for a short period. This process can provide 

advantages in solar cell performance, bt in practice can also give possi

ble yield problems, mainly due to junction shunting or. leakage. ,Typical 

illumination characteristics of solar cells fabricated using the 2SF pro

cess are given in Figure 9, in which a shunted solar ceil shows performance 

degradation by a reduction in Voc and maximum power available from the
 

cell. During this period, work has progressed to analyze the shunting
 

characteristics caused by the BSF process using ion microprobe/SIMS* and
 

optical microscope examination.
 

1.0 JUNCTION SHUNTING BY THE BSF PROCESS
 

A large number of solar cells were investigated to find clues for the
 

shunting problem using an optical microscope. Results indicated that
 

shunted solar cells generally had surface contamination (front junction 

side) in the form of penetration pits and alloy patterns. The trend was 

the greater the number of contamination patterns, the higher the prob

ability and degree of shunting. Figure 10 is shows photographs of conta

minants at high magnification, in which the crystallographic orientation
 

*The analysis was carried out using CAMECA ims 3F by Charles Evans Assoc

iates (San Mateo, CA).
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orientation dependence of contamination patterns is noticed; (a) for a 

(100) substrate and (b) for a (111) substrate. Ion microprobe/SIMS was
 

used to identify the composition of the contaminants. Aluminum image 

formation by the probe strongly indicated that the contaminants were 

aluminum (Figure 10(c) is a photograph of the aluminum image). Mechanical 

lapping removed the surface patterns completely, which suggests that the
 

contaminants are located at the front junction surface. Sputtering by the
 

,ion source (oxygen).also showed the same results; i.e., the pattern in (b)
 

of Figure 10 has disappeared after about 2 [m -ofsilicon was.sputtered 

-away (no aluminum image could be obtained after the sputtering). 

The ion microprobe/SIMS was further utilized to check if surface 

areas, free from visual contaminants, were also contaminated. Thus, a 

surface profile analysis (front junction side) was performed for mass 

numbers up to 60 by the probe and-a typical result is shown in Figure 11. 

The figure indicates high spikes in the ion intensity counts for elements 

- such as B, C, 0, Na, Al, K, Ca and some silicon complexes. The surface 

concentration of aluminum was calculated from the silicon counts, suggest

ing a concentration of 6x108 atoms/cm3 which is a concentration close to
 

19 .3
the solid solubility of aluminum (about lxlO atoms/cm ) in silicon. The 

depth profile of aluminum was also obtained to see how deeply the aluminum 

penetrated into the bulk silicon, or towards the junction. Figure 12 is a 

result of the depth profile; mass numbers 14,- 27, and 11 for silicon-, 

aluminum and boron, respectively. The depth of aluminum penetration was 

estimated fiom the sputtering rate used to, be around 500-1000 angstroms 

(the junction depth was about 3000 angstroms). Calculated concentrations 

are also indicated in Figure 12, showing initially high concentration of 



aluminum close to surface (solid solubility limit down to about 300-400 

angstroms), leveling off to a concentrationof 4x10 1 6 atoms/cm3 at a depth 

of 1500 angstroms. A significant concentration of boron was also observed
 

at the surface and was thought to have originated from the aluminum paste
 

used for the BSF process. The boron concentration shows a similar profile
 

15 3to aluminum and tapers off at a concentration of about 4x10 atoms/cm
 

This is equivalent to the boron concentration of the starting boron-doped
 

p-type silicon of 1-3 ohm-cm resistivity.
 

Past experience indicated that junction shunting by the BSF process
 

depends on the starting silicon properties, such as doping concentration
 

(some results were reported in the Fourth Quarterly Report),. crystallo

graphic orientation or defects. Thus, work has progressed to see if there
 

is a difference in aluminum diffusion as a function of crystallographic 

orientation; (111) versus (100). About 3000 angstroms of aluminum was
 

evaporated on the wafers of starting resistivity around 10 ohm-cm and 

alloyed following the same procedure used for the paste BSF process. The 

samples were analyzed for luminum depth profile on the alloyed side by the
 

microprobe. Note: This experiment was performed to save the probe opera

tion time since depth profiling of the Al paste alloy layer takes a long 

time due to relatively deep penetration depth of aluminum. The results of
 

the profiling are given in Figure 13; (a) for (100) orientationand (b) for 

(Ill) orientation. The aluminum penetration depth in (100) is larger than
 

that of the (111) by approximately a factor of two. The same experiment
 

was performed on dendritic webs which have (111) orientation and similar
 

results were obtained as shown in (c) of Figure 13.
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Since ion microprobe/SIMS analysis showed aluminum contaminationnear 

the front surface, work has progressed to protect the front surface by 

depositing various thickness of Si on the diffused surface before alumi

num paste was applied. SiO2 thickness of 0.5 pm, 1pm, 1.5 pm and 2 pm 

were used. The test was carried out on 3" wafers carrying a pattern of 6

2x2 cm solar cells. Each wafer was finally cut to 2x2 cm solar cells for 

evaluation. The results indicated that, statistically" the number of 

shunted cells and the degree of shunting decreased as the thickness of the 

protective layer increased. To back-up this result another batch of solar
 

cells was processed, showing a similarresult. Ion microprobe analysis on 

these solar cells suggested that the penetration depth and the front sur

face concentrationof aluminum show a tendency to decrease as the thickness 

of the protective layer increased.
 

2.0 DISCUSSION ON BSF
 

So far the ion probe has been used to find the origin of the junction 

shunting problems by analysis of the aluminum contamination on the front 

junction side. Now, the emphasis of this work has slightly shifted to 

check why the BSF process is so effective in improving solar cell perform

ance, by analysis of aluminum (or other element used for BSF process such
 

as boron) concentration profile on the back side of solar cell using the
 

ion probe.
 

Aluminum depth profiling of the BSF, formed by an aluminum paste alloy 

process, were performed on CZ solar cells of (ill) and (100) orientation 

'and on dendritic w.eb. The results are given in Figure 14 for CZ (100), 
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Figure 15 for CZ "il) and Figure 16 for dendritic web. The figures 

-suggest; 

(1) 	Aluminum penetration depth by the BSF process ranges between 1.5 and'
 

4 jim, 

(2) 	Solid solublity limi-t of aluminum almost extend 
to the end of the
 

penetration front, and
 

(3) 	Aluminum concentration falls off drastically at the interface between
 

silicon and the alloy layer, CZ (100) orientation shows a lesser 

degree of concentration change at the interface.
 

Note: These should be regarded as preliminary results since no tests on
 

tests 	on reproducibility of the results have been done.
 

Depth profiles of other BSF processes utilizing boron sources on p

type starting substrates, either by boron nitride (BN) diffusion or boron 

ion-implantation, were performed using the ion 	microprobe. The results
 

are shown in Figure 17 for the BN process and figure 18 for the 

implantation process, indicating;
 

(i) 	Boron penetration depths are about 4000 angstroms, which is relative

ly small compared with the aluminum paste process,
 

(2) 	Interface regions make rather smooth transistions compared with the
 

BSF process using Al paste, and
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(3) 	Boron. concentration in the doped regions is considerably lower than
 

the solid solubility of boron, which is ibout l-3x1020 atoms/cm
3 
at
 

room temperature.
 

Generally, the BSF, formed by either BN diffusion or boron ion

implantation, was less effective, specifically in terms of improvements in
 

open circuit voltage, compared with the BSF from the Al paste alloy
 

process. This could possibly be explained in terms of (1) penetration
 

depth, the larger the better, (2) concentration profile at the interface,
 

the more abrupt the better, and (3) concentration at the doped region, the
 

higher the better i.e., the closer the solid solubility, the better.
 

Further work is expected to extend these results.
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I 

TYPICAL ILLUMPINATION CHARACTER IS TIS OF M* 8SF PROCESS 
SOLAR CELLS; A GOOD CELL AND A SRUNl CELL 

2x2 CM BSF SOLAR CELL 
WITHOUT AR COATING UNDER AMO ILLUMINATION
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Z"ZUE _IFIC R H 4 

SVCONANTS FROM THE BSP PROCESS 

. (A)
 

CONTAMINANTS ON (100) WAFER
 

(B)
 

CONTAMINANTS ON (111) WAFER
 

!(c) 
ALUMINUM IMAGE (BRIGHT TRIANGLE PATTERN)


BY ION MICROPROBE/SI '6
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7 fAhEEI irn 3F FIGURE 11 

FRONT SURFACE ANALYSIS (SIMS, MASS SPECTRUM) OF A 
SOLAR CELL FROM THE BSF PROCESS 
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FIGURE 12 

DPH PROFILE OF ALUMINUM (MASS NUfMBER 
DEPT- BY ION MICROPROBE/SIMS 
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ALUMINUM 

FIGURE 13a 

PENETRATION PROFILE (SlMS) 
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FIGURE 13b 

ALUMINUM PENETRATION PROFILE (SIMS) ON 

(b) A CZ (111) Wafer 
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FIGURE 13c 

ALUMINUM PENETRATION PROFILE (SIMS) 
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FIGURE 14
 

ALUMINUM DEPTH PROFILE (SIMS) OF THE BSF APPLIED ON A CZ (100) WAFER
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FIGURE 15 

ALUMINUM DEPTH PROFILE (SIMS) OF THE BSF XPPLIED ON A CZ (111) WAFER 
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FIGURE 1Z 

ALUMINUM DEPTH PROFILE (SIMS) OF THE BSF APPLIED ON A DENDRI2IC WEB 
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FIGURE 1 

BORON DEPTH PROFILE (SIMS) OF THE BSF APPLIED BY 
BORON NITRIDE DIFFUSION ON CZ SILICON 

5 

0 
0 

0) 

10 

5 

3xlO1 9 

0 
0 

zL 

z 

3/ 

H5 

o0 

5/ 

1 

1 

10 

<- 3600 A 

0 300 500 900 1200 1500. 

SPUTTERING TIME (
 

-43



-- 

FIGURE 18 

BORON DEPTH PROFILE (S-IS) OF THE BSF APPLIED BY 

ION IMPLANTATION ON A CZ SILICON 
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I. CONCLUSIONS AND RECOMMENDATIONS
 

Overall, the conclusions for this reporting period are similar to 

those made previ6usly, namely:
 

" 	 The baseline process serves as a useful evaluation method, and the 

various measurements made show good internal consistency and repeat

ability. 

" 	 Analysis of the baseline process results allows identification of 

possible processing areas which will increase cell output. The pro

cesses which can give the most improvement are chosen to offset the
 

most serious deficiencies noted after the standard processing.
 

" 	Good examples of such "custom-improvement" are the success of grain 

boundary passivation for EFG ribbon, and inclusion of a back surface
 

field for dendritic web.
 

* 	The continued study of the detailed interaction of sheet silicon 

properties, and various process steps and sequences, is useful 'both 

for estimates of the highest efficiency obtainable from the sheet

cells, and also for guiding attention to possible sensitive areas 

when low cost process steps are applied to the various sheet forms. 

* 	The studies of the shunting effects observed when the BSF process is
 

used are timely because several other groups have 'reported similar
 

problems, and it is important to have a non-interferingmethod so that 
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the correlation of the BSF process with the increase obtained for the
 

,varioussheet forms can be clearly identified.
 

* 	The inclusion of AM1 measurements as well as AMO is adding useful
 

information to the JPL program.
 

These conclusions lead to the recommendation that the work continue 

along the same lines, and that the results be rapidly fedback (via JPL) to 

the sheet manufacturers, to allow consideration of the results obtained 

while improved growth methods are being developed.
 

-46



IV. WORK PLAN STATUS
 

The following silicon sheet materials are expected to be processed
 

and evaluated during the next period.

* Cast Silicon by HEM (Crystal Systems)
 

* Silicon on Ceramic (SOC, Honeywell)
 

* Semi-continuous CZ Ingots by-the HAMCO Process
 

Work will continue to identify mechanisms leading to junction
 

shunting problems by the BSF process.
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APPENDIX II
 

ABBREVIATIONS 



ABBREVIATIONS
 

VOC: Open Circuit Voltage
 

ISC: Short Circuit Current
 

JSC: Short Circuit Current Density
 

ISCR Short Circuit Current (Red Response) at Wavelength Above - .6gm 

ISC: Short Circuit Current (Blue Response) at Wavelength Below - .61m 

CFF: Curve Fill Factor
 

77: Solar Cell Conversion Efficiency
 

L: Minority Carrier Diffusion Length (D.L.)
 

IMAX: Current at Maximum Power Point
 

VMAX: Voltage at Maximum Power Point
 

PMX: Maximum Power Point
 

BSF: Back Surface Field
 

BSR: Back Surface Reflector
 

VB: Bias Voltage
 

I : Diode Saturation Current
 
0
 

HEM: Heat Exchanger Method
 

EFG: Edge Defined Film-Fed Growth
 

SOC: Silicon on Ceramic
 

RTR: Ribbon-to-Ribbon
 

SPV: Surface Phot6voltage
 

MLAR: Multi-Layer Anti-Reflective
 

R : Series Resistance 
s 



APPENDIX III
 

ELECTRICAL DATA SHEETS FOR SOLAR CELLS FROM MULTI-RIBBON EFG (RH)
 



SOLAR CELL ELECTRICAL DATA 
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TEST CONDITION: 
TEMPERATURE: 

EFG (RH) Solar Cells,--2x2 cm, Surface Etching #1, STD Process 
SiO AR Coating 
AMO 
250C Test Block DATE: 

NO. 
V 
VOC 

mV 

-o.. T 

I 
SC 

mA 

-__2.,6 

ISCB 

mA 

4i 

SCR 

mA 

5-I 

Max 

mA 
VMax 
mV 

Z//2 

PMax 

mW 

33, 17F~ 

FCFF 
% 

c-7 7 

,AREAn -

% 

t, 

REA 

cm2 

Iq 
-

___ _____ _ ____/____ 
____5_.__-. _ '... _.0__/_ 

53 /00 

-(70I_7 loo 

. 4-I 

41Y 

43 

,'g 

-

9 

1 

6 1.7 reI 

=fb3 q3 

41.5___ 

oo 

_________________-
- , - 5 ,5.3q-. ..5 t ,-,.. 

3.6-2 Z5 i.45,, 

.30.4rJ--q~ l 

-q 

-

V-4-,/.a 

. 

3. 

17 

9/ 
!0 

-2 

qs 

-
90 
C)-11 
'// 

42 
-2 

/7L3 

. Z/_ 

41 
;,,o Fyc-

"7R5.. 

3 ?I-5 
-0 

4-1O 
-,9 

ahl/$ 
3-2. ?o 
35.-6lf"/7.73 
-1 

P7f. 
176 

-

5. 
6-,2,
17.o 
5, q 

1 v 

.9/7";? 
3. <" 

____3. 

j (e "/" 

1-7.j2j d4 S g27 



_ _ 

____ 

SOLAR CELL ELECTRICAL DATA
 

CELL DESCRIPTION: EFG (RH) Solar Cells,-2x2 cm, Surface Etching #2, STD Process
 
SiO AR Coating
 

TEST CONDITION: AMO
 
TEMPERATURE: 25°C Test Block DATE:
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SOLAR CELL ELECTRICAL DATA 

CELL DESCRIPTION: EFG (RH) Solar Cells,-W2x2 cm, Surface Texturizing, STD Process 
SiO AR Coating 

TEST CONDITION: AM 
TEMPERATURE: Z5bC lest block DATE: 

NO. VOC ISC ISCB ISCR IMax VMax PMax CFF n AREA 
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SOLAR CELL ELECTRICAL DATA
 

CELL DESCRIPTION: EFG (RH) Solar Cells, 2x2 cm, BSF Process
 
SiO AR Coating
 

TEST CONDITION: MO

TEMPERATURE: 
 25C Test Block 
 DATE:
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SOLAR CELL ELECTRICAL DATA 

CELL DESCRIPTION: 

TEST CONDITION: 
TEMPERATURE: 

EFG (RH) Solar Cells,-2x2 cm, Grain Boundary Passivation, STD Process 
Sip AR Coating 
AMU 
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SOLAR CELL ELECTRICAL DATA
 

CELL DESCRIPTION: EFG (RH) Solar Cells,-2x2 cm. Getterinq by Diffusion Glass, STD Process
 
SiO AR Coating


:TEST CONDITION: AMO
 
TEMPERATURE: 250C Test Block 
 DATE:
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APPENDIX IV
 

ELECTRICAL DATA SHEETS FOR SOLAR CELLS FROM DENDRITIC WEBS
 



SOLAR CELL ELECTRICAL DATA
 

CELL DESCRIPTION: Dendritic Web Solar Cells,-l"xl", BSFProcess
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SOLAR CELL ELECTRICAL DATA
 

CELL DESCRIPTION: 

TEST CONDITION: 
TEMPERATURE: 

Dendritic Web Solar Cells, l"xl", BSF Process 
NEarc ing. Selected Cells for AMI Measurement. 
AM1 
25% Test Block DATE: 
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SOLAR CELL ELECTRICAL DATA 

CELL DESCRIPTION: 

TEST CONDITION: 
TEMPERATURE: 

Dendritic Web Solar Cells, 2x2 cm, BSF + BSR Process 
MLAR Coating
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SOLAR CELL ELECIRICAL DATA
 

CELL DESCRIPTION: 	 Dendritic Web Solar Cells, 2x2 cm, BSF + BSR Process
 
MLAR Coating. Cells for AM1 Measurement
 

TEST CONDIT ION: 
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APPENDIX V
 

ELECTRICAL DATA SHEETS FOR SOLAR CELLS FROM HEM
 



SOLAR CELL ELECTRICAL DATA 

CELL DESCRIPTION: 

TEST CONDITION: 
TEMPERATURE: 

HEM Solar Cells 
SiO AR Coating. 
AMO 
250C Test Block 

(Single Crystal), 2x2 cm, STD Process 
First of Two Sheets 
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SOLAR CELL ELECTRICAL DATA 

CELL DESCRIPTION: HEM Solar Cells (Single Crystal), 2x2 cm, STU Process 
SiO AR Coating. Second of Two Sheets 

TEST CONDITION: 
AMO 

TEMPERATURE: 250C Test Block 
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SOLAR CELL ELECTRICAL DATA 

CELL DESCRIPTION: 

TEST CONDITION: 
TEMPERATURE: 

HEM Solar Cells (Single Crystal), 2x2 cm, STD Process 
SiO AR Coating; Selected Cells For AM1 Measurement. 
AMI 
25% Test Block DATE: 

. VOC 

mV 

ISc 

mA 

ISCB 

mA 

ISCR 

mA 

IMax 

mA 

VMax 

mV 

PMax 

mW 

CFF 

% % 

AREA 

cm2 

1__ 
l /0,. 

l //70 4-3. 17 

"7___ 

17 e-

-

/0. 
/ . ,, 

11 -77 

Iq 

iLy 
-rlIoO 

2t 
q 

s-X 
4YX 

473340. 

zl-O, 6;p 

uZ-
171 !, 

,, 

11-n- /OZ/ 0/ St"I.. T. a 

__C-2- i oo. 170 "177 /-a, 


