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ABSTRACT 

This project involves the development of a large-area, low-cost, high- 
efficiency concentrator solar cell for use in the Entech 22-sun linear- 
focus Fresnel lens concentrator system. The buried contact solar cell 
developed at the University of New South Wales was selected for this 
project. Both Entech and the University of New South Wales are 
subcontractors. This annual report presents the program efforts from 
November 1990 through December 1991, including the design of the cell, 
development of a baseline cell process, and presentation of the results of 
preliminary cell processing. Important results include a cell designed for 
operation in a real concentrator system and substitution of mechanical 
grooving for the previously utilized laser scribing. 
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1. SUMMARY 

The objective of this project was for Solarex to develop the capability to 
manufacture buried contact solar cells for use in the ENTECH 22-sun 
linear-focus Fresnel Concentrator system. This report provides details on 
the progress during the first year of the project. During this year program 
efforts included: 

Cell Desian 

0 Cell size was determined by a trade-off between systems 
requirements and the desire to make the best use of available 
silicon wafers. A larger cell has been designed for use in this 
project. 

0 The optimum cell grid pattern has been calculated for a variety of 
illumination profiles expected from various real-life systems 
configurations. These calculations lead not only to a revised grid 
design, but also to cost saving modifications to the tracking 
requirements. 

0 Cell modelling results indicated that optimum cell performance is 
expected from a substrate resistivity of 0.2 Ohm-cm. These 
results are based on material parameters measured on single 
crystal silicon and may not hold for cast multicrystalline 
substrates. Experimental verification is required. 

Baseline Cell Process 

0 The buried contact cell was developed at the University of New 
South Wales (UNSW) as a low cost approach to high efficiency cell 

I design. 

~ 

0 Solarex has licensed the technotogy from UNSW for this project. 

0 A dicing saw can be substituted for a laser in cutting the grooves in 
the silicon. 

Solarex has constructed a new high efficiency cell laboratory in 
which these cells are to be processed. 

.. 
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Cell Results 

0 The baseline process can be used to fabricate concentrator cells. 

0 Prismatic covers increase current by eliminating shadowing of the 
grid lines. This is important even for buried contact cells, when 
designing for 22 suns. 

0 Silicon oxide can be used as a diffusion mask and antireflective 
coating, but the low index of refraction makes it a poor 
antireflective coating after encapsulation. 

0 The initial cells showed increased efficiency at higher 
concentrations, limited by ohmic contact problems of the metal in 
the grooves. Better preparation of the groove walls is expected to 
alleviate this problem. 

Solarex is now ready to begin fabrication of high efficiency cells for this 
program during the second year of the contract. 
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2. BURIED CONTACT CELL 

Solarex is developing the manufacturing capability to produce cells for 
use in the ENTECH 22-sun linear-focus Fresnel lens concentrator system 
with prismatic cover slides. This low concentration range is the best 
match to Solarex's processing capabilities with a good possibility of 
these cells being manufactured on the same production line as one-sun 
cells. Most of the recent concentrator systems experience has been on 
systems in this concentration range, including the 3MIAustin Project and 
PVUSA EMT-1 built by ENTECH1. In order to develop this cell so that it 
meets all of the systems requirements, ENTECH is participating in this 
project as a subcontractor to Solarex. 

The cell selected for development in the project is the buried contact 
solar cell. This cell was developed at the University of New South Wales 
(UNSW) as a low cost approach to high efficiency cells2,3,4. UNSW is also 
participating as a subcontractor on this project to further improve cell 
performance and to transfer the buried contact cell technology to Solarex. 

The structure of the buried contact cell is shown in Figure 2-1. 
features of this structure include: 

Important 

0 Reduced grid shadowing, because the metal is plated into the 
grooves. 

0 Self alignment of the metallization since the metal plates only into 
the grooves. Therefore, the buried contact cell is one of the few 
high efficiency concentrator cell processes that does not require 
the use of costly photolithography. 

0 A high efficiency emitter diffusion that is separate from the deep 
groove diffusion under the metallization. 

This structure also has numerous advantages for use in concentrator cells 
including; 

0 It uses lower cost metals, namely Ni and Cu rather than the TiPdAg 
used for most concentrator cells. 

0 This process has proven it can produce high efficiency cells on low 
cost substrates including solar grade CZ and multicrystalline 
silicon. 
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By making contact throughout the walls of the grooves, it increases 
the contact area, reducing the contact resistance, which is 
important at higher concentrations. 

The buried contact cell has the potential for low cost and high efficiency 
as well as offering the opportunity to produce both one-sun and low- 
concentration cells on the same manufacturing line with only a change of 
grid pattern via the groove patterning step. 

Figure 2-1: Structure of the Buried Contact Solar Cell 
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3. CELL DESIGN 

3.1 ENTECH System 

The ENTECH concentrator system is based on the use of an arched acrylic 
linear Fresnel lens. The lens has a smooth convex outer surface and-a 
prismatic concave inner surface. The lens uses ENTECH's patented, 
transmittance optimized, error tolerant configuration5~6. The lens is 
made by laminating 3 mm-thick acrylic superstrate to 0.4 mm-thick 3M 
Lensfilm. The lens is held in place by an aluminum sheet housing as shown 
in cross section in Figure 3-1. The geometric ratio of lens area to active 
cell area is approximately 20 to 1. 
production lenses is over 90%. 

The measured optical efficiency of 

A I R-COOLED 
PHOTOVOLTA I C -- 
RECE I VER 

Figure 3-1: 
Con cent rator Module. 

A cross section of ENTECH's Linear Fresnel Lens PV 
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The cells are bonded to an aluminum extruded heat sink using an 
electrically insulating, thermally conducting adhesive. The cover on each 
cell is a silicone prismatic cover slide that bends the incident light away 
from the grid metallization on the solar cell? The cells are attached 
electrically to their nearest neighbors via soldering of preformed 
interconnects. The entire cell assembly is then potted with a high 
temperature encapsulant. 

The module is held together by the aluminum housing, consisting of two 
endplates and two sideplates. The lens, receiver and four AI housing 
pieces are self-indexing and easily snap together during assembly. The 
modules can be made as long as practical with the addition of more cells. 
The modules at 3M/Austin and PVUSA are 3.05 meters long. To form an 
array, up to 60 modules are connected together within a single steel 
tracking structure. This unit requires one microprocessor controller, two 
motors and two linear actuators to provide two-axis sun-tracking. 

The cell utilized for the 3M/Austin and PVUSA projects is shown in Figure 
3-2. This cell size was designed to make optimum use of 125 mm- 
diameter CZ wafers processed at Solarex Aerospace% These cells had 
active area dimensions of 4.06 cm-wide by 9.7 cm-long resulting in a 
geometric concentration ratio of 22X. Gridlines were spaced every 0.05 
cm apart. The 3M/Austin cells used a 20% front-surface grid coverage, 
while the PVUSA cells used wider lines with a 30 to 40% grid coverage. 
The metallization system was evaporated TiPd with subsequent Ag 
plating. The prismatic covers then bend the light away from the gridlines 
into the active silicon area. The average covered-cell efficiencies were 
around 18% for these two projects. 

I-- 9.7 cm -1 

T 
4.06 cm 

1. 

Figure 3-2: Cell used by ENTECH in PVUSA and 3M/Austin Projects 
with grid line spacing of 0.05 cm. 
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The cell technology used for the 3M/Austin and PVUSA projects was based 
on Aerospace cell technology. Such a cell technology is expensive and not 
compatible with many of the lower cost techniques used for commercial 
terrestrial PV manufacture. Therefore this technology is not likely to 
meet the Concentrator Initiative cost goal of approximately $0.12/cm* for 
20X cells. 

3.2 Cell Size 

Buried contact cells have been proposed as a low cost approach to high 
efficiency. Detailed cost analysis indicates that while the process as 
developed at UNSW may not be cost effective for one-sun applications, 
several process sequences based on the buried contact technology appear 
to be cost effective? If these concentrator cells and one-sun cells can 
both be fabricated on the same production line, the cost for concentrator 
cells will be appreciably reduced. Therefore, the buried contact cells for 
this program will be designed based on the use of 11.4 cm by 11.4 cm 
silicon wafers, either multicrystalline or single crystal, the same size as 
used for one-sun terrestrial cells at Solarex. 

The new cell size is based on getting 2 cells out of every 11.4 cm by 11.4 
cm wafer. The new cell is 11.18 cm by 5.33 cm with an active-area width 
of 4.57 cm. 
required in each receiver. The larger active-area width results in a lower 
geometric concentration ratio (18 suns instead of 22 suns), but results in 
a lower system cost by allowing for less accurate tracking. The new cell 
is shown in Figure 3-3. 

The greater length of each cell means fewer cells are 

I-, 11.18 cm -1 

T 
4.57 cm 

1 
Figure 3-3: New 

T 
5.33 cm 

1 
cell designed for this project with grid line spacing 

of 0.025 cm. 
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3.3 Performance Calculations 

Design of the front metallization pattern is based on minimization of the 
total power loss due to the front grid system. This power loss has 
components due to 1) shadowing, 2) series resistance loss in the diffused 
emitter as the current flows to the grid lines, 3) contact resistance of the 
metallization as the current flows into the grid lines, and 4) series 
resistance loss in the metal as the current flows to the collecting leads. 
Since the buried contact cell has a large-area contact to a highly diffused 
region, the contact resistance term should be negligible. For the 
rectangular grid pattern used in the ENTECH cell, where all of the grid 
lines are the same width, length and thickness, the expressions for power 
loss of the other 3 components for uniform illumination are: 

APMetal = j2xL2 PA/( 12A') 

Where: 
s =  
Po = 
A =  
x =  
j =  
r =  
L =  

P =  
A' = 

Width shadowed by grid line 
Idealized power without series or shadow loss 
Active area of cell 
Spacing between grid lines 
Current density in silicon 
Sheet resistance of emitter 
Length of grid lines 
Resistivity of gridline metallization 
Cross-sectional area of metallization 

If all of the values are known except for spacing, the total power loss 
(that is the sum of the three components) can be minimized 
mathematically by taking the derivative with respect to x and setting it 
equal to zero. Solving the above equation using the parameters expected 
for the ENTECH buried contact cell, including an emitter sheet resistance 
of 150 Ohmdsquare, yields a value of 0.055 cm (0.02") for the optimum 
grid spacing, exactly the grid geometry used in the Austin and PVUSA 
ENTECH jobs. To better understand the relationship between grid spacing 
and expected performance, Figure 3-4 is a plot of the calculated power as 
a function of grid spacing for three different emitter sheet resistances. 
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Figure 3-4: Calculated output power of ENTECH cell under uniform 16.7 
suns illumination as a function of grid spacing for 3 emitter sheet 
resistances with no prismatic cover. 

This analysis would lead to the selection of 0.05 cm spacing. However, 
there are two additional considerations to be addressed: 

1) ENTECH plans to use prismatic covers, if they are cost effective. Use 
of prismatic covers results in the power loss term for shadowing 
(APShadow) becoming zero. Therefore, the optimum spacing is determined 
by the design that minimizes series resistance losses. It can be seen in 
Figure 3-8 that for uniform illumination the minimum series resistance 
occurs for the closest spacing physically possible, which for the covers 
themselves is projected to be 0.025 cm. At this grid spacing the power 
increases from 17.49 Watts without the cover to 20.9 Watts with a 
prismatic cover. The calculation of cost effectiveness of using prismatic 
covers under uniform illumination must compare the best result without 
cover, that is the 18.42 Watts at 0.05 cm spacing, versus the best result 
with prismatic cover, which is the 20.9 Watts at 0.025 cm spacing. 

2)  The initial calculations assumed uniform illumination across the 
width of the cell. This will not be the case in an operational system. 
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Indeed the illumination pattern depends upon the tracking accuracy 
specified for the system. 
lower cost system. Figure 3-5 shows data from ENTECH for a uniform 
illumination level, a 0.75" tracking error and a 1.0" tracking error. To 
accurately reflect operation in a real system, the cell grid pattern should 
be optimized for the illumination pattern expected from the system, not 
for a uniform illumination pattern. 

A large tolerance in tracking will result in a 

C 
0 
N 
C 
E 
N 
T 
R 
A 
T 
I 
0 
N 

'O+ 

DISTANCE ACROSS CELL 
o 0" Tracking Error .75" Tracking Error + 1 .Oo Tracking Error 

Figure 3-5: 
system t rac ki ng errors . 

Concentration pattern across the cell for three different 

The problem now is to calculate the optimum cell geometry for these 
nonuniform concentration patterns. As long as the total amount of energy 
incident on the cell remains constant and the grid lines are all of the same 
uniform width, the term for shadowing loss remains the same. The 
current density in the emitter now becomes a function of the 
concentration profile. 

Where: 
C(y) = Concentration level across cell. 
io = Current density at 1 sun. 
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Now the emitter component of power loss is given by: 

This term can easily be solved numerically once the concentration profile 
is defined. 

The term for the power loss in the grid lines becomes: 

Since the current density is proportional to concentration, the following 
substitution can be made: 

This equation can also be solved numerically, being careful to include the 
current flowing down the grid line as well as that produced within each 
region. 

With nonuniform concentration the full set of equations for power loss 
can no longer be solved explicitly for the optimum grid spacing. The three 
components of power loss must be calculated for each set of conditions 
and the optimum spacing selected by observation. Figure 3-6 shows the 
calculated output power versus grid line spacing for the 0.75" tracking 
error concentration pattern. 
spacing for the 1.0" tracking error case. As the tracking error increases 
the peak concentration ratio increases. Therefore the optimum grid line 
spacing moves to closer spaced lines. The optimum spacing moves from 
0.05 cm in the uniform case to less than 0.03 cm for the 1.0" tracking 
error at 200 ohmskquare emitter sheet resistance. 

Figure 3-7 shows the power versus grid 

1 1  
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Figure 3-6: 
with no prismatic cover. 

Calculated output power of cell with 0.75" tracking error 
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Figure 3-7: Calculated output power of ENTECH cell with 1.0' tracking 
error with no prismatic cover. 
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If the power loss is calculated based on the use of a prismatic cover, the 
shadow loss term is zero. The result of this calculation is shown in 
Figure 3-8. The expected power is plotted for 150 ohmskquare emitter 
sheet resistance, the process baseline. For all three concentration 
patterns the 0.025 cm grid spacing produces the maximum output power. 
Selecting a 0.025 cm spacing has the following advantages: 

Provides maximum output power for all concentration patterns when 
using a prismatic cover. 
Is the least sensitive to changes in emitter sheet resistance in all 
cases with or without prismatic cover. 
Is the least sensitive to tracking errors. 

Indeed, our selection of the 0.025 cm grid spacing means that the ENTECH 
tracking system can be designed to allow up to a 0.75" tracking error 
without loss of any system output power. 
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Figure 3-8: 
cover with 150 ohmkquare emitter sheet resistance for 3 different 
concentration patterns. 

Calculated output power for ENTECH cell using prismatic 
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3.4 PC-1D Results 

The PC-1D solar cell modelling programlo has been utilized to calculate 
cell performance at 20 suns to determine the optimum bulk resistivity. 
PC-1D provides diffusion length as a function of bulk resistivity assuming 
ideal single crystal silicon. The program was then used to calculate the 
expected efficiency for various bulk resistivities. The results are shown 
in Figure 3-9 for 3 different front surface recombination velocities. 
bulk resistivity of 0.2 Ohm-cm is best for all front surface recombination 
velocities. This result will not necessary hold for multicrystalline 
silicon because the relationship between bulk resistivity and diffusion 
length is different. The optimum resistivity for multicrystalline silicon 
is likely to be higher since at 0.2 Ohm-cm the short-circuit current will 
be less than PC-1D predicts. 
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L 
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F 
I 
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2 0.05 0.1 0.2 0.5 1 

0 
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BULK RESISTIVITY IN OHM - CM 

o 100 CM/SEC a 10,000 CM/SEC + 100,000 CM/SEC 

Figure 3-9: Calculated solar cell efficiency at 20 suns concentration as 
a function of bulk resistivity for 3 different front surface recombination 
velocities. 
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4. PROCESS DEVELOPMENT 

The process sequence for the buried contact silicon concentrator cell is 
given in Table 1. Processing steps involving high temperature (>gooo C) 
adversely affect the material quality of multicrystalline substrates. 
Hence the high temperature steps normally used in buried contact solar 
cells were modified to process multicrystalline substrates during this 
work. 

Table 1 
Process Sequence for Buried Contact Concentrator 

Solar Cells 

Ster> 

Saw Damage Removal 

Wafer CI ean i n g 

Front Junction Formation 

Thermal Oxidation 

Groove Formation 

Groove Etching 

Groove Diffusion 

Rear AI Evaporation 

AI Sintering 

Front and Rear Metallization 

Junction/Cell Isolation 

ParameterdRemarks 

Hot NaOH etch 

RCA clean 

150 ohmskquare 
Phosphine source 

890" C for 2 hours in wet steam 
3000 A thick 

Laser or Dicing Saw 

NaOH etch 
DI water rinse 

890" C for 90 min. 
Phosphine source 

2 microns thick 

875" C in nitrogen 

Electroless Ni and Cu plating 

Dicing saw 
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4.1 Saw Damage Removal 

The wafers were etched in hot, concentrated sodium hydroxide to remove 
saw damage. Approximately 25 microns of silicon is removed during this 
step. The wafers were rinsed in DI water and in HCI to remove remnants 
of the sodium. 

4.2 Wafer Cleaning 

The wafers were then cleaned per the standard RCA cleaning procedure. 
This pre-diffusion cleaning procedure will be simplified during the later 
part of the contract. 

4.3 Front Junction Formation 

During this step the front n+ junction was formed by phosphorus diffusion; 
The diffusion was carried out using a phosphine source. The resultant 
emitter sheet resistivity was approximately 150 ohmskquare. 

4.4 Wet Oxidation 

During this step about 3000 a of thermal oxide was grown on the wafers 
using steam. This oxide has several functions. It serves as a diffusion 
mask during the phosphorus diffusion of the grooves, as a plating mask 
when the grooves are plated with copper and nickel, and finally the oxide 
is etched back to 1000 to serve as an antireflection coating. 

Silicon nitride film could be used instead of the thermal oxide. Silicon 
nitride has a higher index of refraction, meaning it provides better optical 
coupling of the light into the silicon. 
the thermal oxide is so close to the index of refraction of glass, when 
such cells are encapsulated the blue AR coating effect completely 
disappears. During this work, the suitability of siticon nitride as an AR 
coating was studied. A copy of the paper describing this work is attached 
as Appendix A. 

Because the index of refraction of 

4.5 Groove Formation 

A laser was initially used to produce the grooves. The grooves scribed by 
the laser were shallow and wide. The grooves were intended to be 50 
microns deep and 20 microns wide, but the ones obtained using the laser 
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were about 40 microns deep and 30 microns wide. In addition, the laser 
process is slow. Since concentrator cells require many more grid lines 
than 1 sun cells and since the laser had to scan each groove in sequence, 
the laser technology may not be cost effective for concentrator cells. 

A dicing saw was used to produce the grooves that were 50 microns deep 
and 20 microns wide. However, due to the variations in the wafer 
thickness and the vacuum hold of the dicing saw chuck, the dimensions of 
the grooves were not uniform along the entire wafer. This variation 
should be minimized via a modified vacuum hold-down on the chuck. While 
a single blade saw may take as long as a laser, saws are available with 
many blades so that even concentrator cells may be grooved in a few 
passes. An additional advantage is that the geometry of the grooves can 
be changed easily by selecting saw blades with different profiles. 

4.6 Groove Etching 

After groove formation the wafers were etched in 12% NaOH for 15 
minutes to remove saw damage and contamination. The wafers were then 
rinsed in DI water and cleaned in HCI to remove any sodium contamination. 
Before the wafers were loaded into the phosphorous diffusion tube, they 
were again cleaned per the procedure described in step 2. 

4.7. Phosphorus Diffusion of Grooves 

A very high surface concentration of phosphorus leads to the formation of 
a low resistance ohmic contact between the plated nickel and silicon. The 
groove diffusion is usually done at 950" C when processing single crystal 
substrates. 
avoid any material quality degradation, the groove diffusion was done at 
890" C for 90 minutes. This processing step requires optimization to 
improve the open-circuit voltage and fill factor of the cells. 

But during this work on the multicrystalline substrates, to 

4.8 AI Evaporation 

Aluminum was evaporated onto the rear of the wafer using a box coater. 
The thickness of the AI layer was about 2 microns. 

4.9 Aluminum Sinter 

The deposited aluminum was then diffused into the silicon by sintering 
the wafers in nitrogen ambient. The sintering of aluminum offsets the 
possibility of formation of a back junction during the earlier phosphorus 
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diffusions. Also, aluminum sintering has been demonstrated to 
getter/passivate the substrate leading to improved performance of the 
solar cells. 
rear of the cell. 

Finally, during this step ohmic contact is established to the 

The wafers were placed into the furnace in oxygen ambient to quickly 
oxidize the outer layer of aluminum. This prevents the nonuniform 
diffusion of aluminum due to dripping/balling of molten aluminum. The 
ambient was changed to nitrogen immediately after the loading of the 
wafers. The wafers were sintered at 890" C in nitrogen for 2 hours and 
then the furnace is cooled to 600" C before the wafers are removed . 
4.10 Ni Plating 

The wafers were then etched in dilute HF for about 90 seconds to remove 
the phosphorus rich glass in the grooves. During this step the oxide on the 
front of the wafers is also etched down to approximately 1000 A to serve 
as the cell Ar coating. The optimization of the etching step was critical 
as longer etching time would result in removal of oxide in the peak of the 
pyramids on the wafers and hence lead to plating of metal in these areas. 
Insufficient etching would result in nonuniform plating. The wafers were 
then rinsed in DI water to remove the HF. 
result in etching of the silicon during plating by remnant HF. 

Insufficient rinsing would 

After the DI water rinse the wafers are placed in the electroless nickel 
plating bath for 5 minutes at a plating temperature of 70" to 80" C. The 
wafers were then rinsed in DI water and dried. The plated nickel is then 
sintered to reduce the contact resistance between the nickel/silicon 
interface. The nickel sintering was performed at 375" C for 15 minutes 
under nitrogen ambient to prevent oxidation of the nickel. 

4.1 1 Cu Plating 

The nickel plated grooves are then filled with copper using electroless 
copper plating. The Cu plating must be performed at a specified rate in 
order to cover the sides and bottom of the grooves uniformly without 
leaving voids. The Cu plating is performed at 39" C for approximately 10 
hours. . The temperature of the bath is carefully controlled using a 
feedback controller to maintain the required plating rate. A high-speed 
copper plating solution will be investigated in an attempt to reduce the 
required process time. 
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4.12 Junction/Cell Isolation 

Two cells are obtained from each wafer processed. The final process step 
involves the use of a dicing saw to cut these cells to size. 

1 9  



5. CELL RESULTS 

During the first year of the contract several groups of buried contact cells 
were fabricated in temporary facilities awaiting the construction of 
Solarex's new high efficiency cell laboratory. Since Solarex does not have 
the required laser scribing system, experiments were conducted using a 
diamond blade dicing saw as well as obtaining laser scribed samples from 
Sandia. Because the high efficiency laboratory was not finished, some 
processes were not performed as developed at UNSW. For example, the 
diffusions were performed using a gaseous source of phosphorous rather 
than the solid sources used at UNSW. The processing experiments were 
designed to provide information about processing requirements and 
techniques rather than to achieve the best performance. 

Cells were fabricated on untextured CZ and cast multicrystalline 
substrates. These cells were fabricated using the cell size and grid 
spacing of the 3M/Austin and PV USA cells as shown in Figure 3-2. 
Almost all of the laser scribed cells were shunted. This was due to a 
problem with the laser drilling a deep hole at the beginning of each line. 
This problem has subsequently been solved; however, all the electrical 
results reported here are for dicing saw cells. 

The best cell from these preliminary groups was 11.5% efficient under 
Standard Test Conditions (STC = 1,000 W/m*, AM15 spectrum and 25" C). 
The performance as a function of concentration is shown in Table 2. The 
short-circuit current was assumed to be linear with respect to 
concentration ratio as is typical for low resistivity silicon in this limited 
concentration range. The open-circuit voltage increases with the natural 
logarithm of concentration with a diode factor of 1.1. 
increases at low concentrations, but starts to decrease between 5 and 10 
suns. This appears to be due to inadequate adhesion between the nickel 
plating and the saw-cut groove walls. 
require an etch to remove excess material like laser grooves do, but the 
highly polished dicing saw wall must be texture etched to improve 
adhesion of the plated nickel. 

The fi l l  factor 

Dicing saw cut grooves do not 

The use of prismatic cover slides is designed to increase cell current 
bending light away from the grid lines. In the sample cells there was 
grid line every 0.05 cm. The grooves were approximately 0.0025 cm I 

' 3  

but with plating overhang the total grid coverage was 10%. Upon covering 
the short-circuit current and the peak power of the cells increases by 
lo%, as all of the grid line shadowing is eliminated. The grid lines can no 

by 
a 
vi d 
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longer be seen when looking down onto the covered cell. However neither 
can the blue oxide AR coating used for these cells. 

This disappearance of the oxide is consistent with silicon oxide having too 
low an index of refraction to work well as an AR coating under an 
encapsulant. To achieve high efficiencies, better optical coupling is 
required. For single crystal silicon, this can be achieved by surface 
texturing. However, multicrystalline silicon does not texture uniformly 
so an alternate approach is required. Therefore cells have been fabricated 
using silicon nitride as the AR coating. Silicon nitride works very well as 
an AR coating on multicrystalline solar cells as described in Appendix A. 

Table 2 
Buried Contact Cell Performance as a Function of 

Concentration 

Concentration 
Ratio 

1 .o 
2.57 
6.06 
11.8 
17.8 
25.4 

Efficiency I m p rove men t 

0 
7 

13 
10 

6 
0 

over 1 sun (Yo) 
voc 
0 
577 
603 
630 
650 
661 
670 

Fill Factor 
a 

7 3  
7 5  
7 5  
72  
68  
63  
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6. CONCLUSIONS 

The important results from the first year of this program are: 

e Optimal cell design is not only required to obtain optimum 
performance from the cells, but also should be used in the design of 
the entire system. A savings in the cost of tracking can be realized 
by designing the cells to operate with nonuniform illumination 
patterns and larger guard bands. 

e A dicing saw can be used in place of a laser to cut the grooves. This 
may improve the uniformity of the grooves and result in a more cost 
effective process. 

e While silicon oxide makes a good diffusion mask, it does not perform 
well as an antireflective coating because of its low index of 
refraction. This does not present a major problem for single crystal 
silicon, since texture etching provides for good optical coupling. 
However, since multicrystalline silicon does not texture etch well, a 
modified process is required for high efficiency. 
material like silicon nitride must be used for the oxide masWAR 
coating or a different approach to surface texturing must be 
developed. 

Either a different 

Solarex is now ready to begin fabrication of high efficiency buried contact 
cells for use in the ENTECH concentrator system. 
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ABSTRACT 

A study to examine the suitability of 
using silicon nitride as an AR coating in 
the Solarex low cost solar cell processing 
sequence is presented. A group of solar 
cells with silicon nitride AR coating and 
another group with titanium dioxide AR 
were coprocessed on matched cast 
polycrystalline wafers. The silicon 
nitride films, if only used as an AR 
coat ing did not improve the 
performance of the encapsulated solar 
cells. An additional heat treatment step 
to sinter the silicon nitride may be 
required for the incorporation of SiN in 
the low cwt  solar cell process sequence. 

INTRODUCTION 

Titanium dioxide is a commonly used 
material for antireflection (AR) coatings 
in many commercial solar cell process 
sequences. However, silicon nitride 
(SiN) has been found to act as a 
passivating layer in addition to its role 
as an excellent AR coating (1) .  The 
beneficial effects of SiN in reducing the 
recombination properties of silicon 

surfaces has been well documented 
(2,3). Silicon nitride has also been used 
as a diffusion and plating mask in 
certain high efficiency solar cell 
processing sequences (43). 

In this paper, a study to investigate the 
suitability of utilizing silicon nitride as 
an AR coating in the Solarex low cost 
solar cell processing sequence is 
reported. 

BACKGROUND 

The process sequence presently used at 
Solarex to fabricate cast polycrystalline 
silicon solar cell is shown in Figure 1. 
The AR coating used in the baseline 
process is titanium dioxide, deposited 
by a CVD process. The aim of this work 
was to study the effect of substituting a 
film of silicon nitride for the titanium 
dioxide, on the encapsulated efficiency 
of the solar cells, without changing other 
process steps. 

Low pressure chemical vapor 
deposition (LPCVD) and plasma 
enhanced chemical vapor deposition 
(PECVD) are the two processes 
commonly used to deposit SiN films. 
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Even though the films deposited by 
LPCVD exhibi t  better surface 
passivating characterist ics when 
compared to PECVD SiN films (2), the 
growth rate: of the LPCVD films is low 
and the deposition temperature of the 
films is high (>700° C). SiN films using 
the PECVD process can be deposited at 
lower temperature ( ~ 5 0 0 "  C), can have 
high growth rates (>lo0 A/min) and 
have a refractive index that can be 
varied from 1.9 to 2.5 (4). Also, during 
the PECVD process, hydrogen can be 
injected into the silicon substrate by 
adjusting the feed gas ratio or as a 
predeposition step for passivating the 
bulk impurities. Based on these 
consideration, the PECVD process was 
selected for the present work. 

SOLAREX LOW COST CELL PROCESS 

Damage Etch 

Junction Formation 

Edge Isolation 

Screen Print 
Front Contacts 

CVD AR Coating 

Rear Contact Formation 

Figure 1: Low Cost Solarex Cell Process 

EXPERIMENTAL 

Two groups of cast polycrystalline solar 
cells. from matched sets of wafers (25 
each) were coprocessed except for 
deposition of the AR coating. T h e  

processing sequence was shown in 
Figure 1. A SiN coating was applied to 
one group, while titanium dioxide was 
deposited on the other batch. The 
optimum refractive index and the 
thickness of the SiN film were selected 
based on the studies reported by Sapori 
( 5 ) .  

The films were deposited in a Pacific 
Western PECVD reactor. The deposition 
temperature was approximately 350' ,C 
with a growth rate of approximately 
100 8,/min. The refractive index and 
the thickness of the films as measured 
by ellipsometry were 2.0 and 800 8, 
respectively. The refractive index and 
thickness for the CVD titanium dioxide 
coatings were 2.17 and 770 8, 
respectively. 

The solar cells were measured under 
standard test condition (STC= AM1.5, 
1000W/m2, 25' C). Eleven cells from 
each batch were encapsulated as per the 
procedure shown i n  Figure 2. The 
encapsulated cells were also measured 
at STC. Some of the unencapsulated 
cells were subsequently sintered to 
study the effect of heat treatment on 
cell performance. 

ENCAPSULATION PROCESS 

Tabbing 

Matrix Lay Up 

Laminat ion 
Glass - EVA - Tedlar 

Wiring  

Figure 2: Encapsulation Process for 
Minimodules 
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RESULTS AND DISCUSSION TABLE 2 
I Encapsulated Cells 

The average I-V measurements of the 
cells from the two groups are presented AR Jsc Voc Eff. 
in Table 1. The average short circuit Coating (mA/cm2)  ( m V )  (%) 
current density of cells with silicon Ti02 29.9 5 9 2  13.26 
nitride AR coating was higher than the SiN 29.6 5 9 0  13.14 
value for cells with titanium dioxide AR 
coating. This increase is due to the 
difference in the refractive indices of 
the two AR coatings. The refractive 
index of silicon nitride is closer to the 
optimum refractive index for an AR 
coating between silicon and air (6). 

TABLE 1 
Unencapsulated Cells 

AR Jsc Voc Eff. 
Coating (rnA/cmZ) ( m V )  (%) 

Ti02 28 .8  5 9 0  12.83 
SiN 29.2 5 9 0  13.05 

It is clear that there is no advantage in 
using SiN coatings without changing the 
baseline process sequence. Beneficial 
effects of an additional heat treatment 
for silicon nitride coated cells have been 
reported (7). A number of cells were 
sintered to study the effect of the 
additional heat treatment on cell 
performance. The results of the 
sintering experiment on the J,, of the 
cells are presented in Table 3. The J,, of 
SiN coated cells increased, while the Jsc 
of the titanium dioxide coated cells 
decreased after the heat treatment. 

The average I-V measurements of the TABLE 3 
encapsulated cells are shown in Table 2. 
The average short circuit current 
density (J,,) of the cells with titanium Temp. Time AR Change in 

HEAT TREATMENT 

dioxide AR coating increased by 3.6% 
after encapsulation. However, the 
average short circuit current density of 
cells with silicon nitride AR coating 
increased by only 1.3% after 
encapsulation. The optimum refractive 
index of the AR coating for encapsulated 
cells is 2.3 (6). The larger encapsulation 
gain of J,, for the cells with titanium 
dioxide is due the fact that the 
refractive index of the titanium dioxide 
is closer to the optimum value for a 
match to the EVA- glass system. 

("C) (min) Coating Eff. (%) 
3 5 0  5 Ti02 -1 .8  
3 5 0  5 SiN +0.2 
4 5 0  10 SiN +I  .3 

The improvement in the cell 
performance after the sintering step 
may be due to 1) bulk passivation by 
the hydrogen in the silicon nitride film, 
2) densification of the SIN film or 3) 
s u r f a c e  p a s s i v a t i o n .  Fu r the r  
experiments are necessary to determine 
the optimum sintering conditions and to 
understand the mechanism for the 
improvement. 
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CONCLUSIONS 

The silicon nitride film, if only used as 
an AR coating will not improve the 
performance of the encapsulated solar 
cell. A subsequent heat treatment step 
may be necessary to justify the 
incorporation of SiN into low cost solar 
cell process sequences. 
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