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Chapter

IMPROVED SILICON
CELL TECHNOLOGY

7.1 INTRODUCTION

In Chapter 6, the standard technology used in the past to produce sil-
icon solar cells was described. In converting quartzite, the source ma-
terial, to encapsulated cells, several steps were seen to be costly and
energy-intensive.

Activity worldwide is being directed at reducing these costs.
The present chapter describes some of the most promising new silicon
technology for each of the processing steps outlined in Chapter 6.
Most of this technology is at an advanced stage of development. Some
aspects are being evaluated at the pilot production stage, whereas
others have already been incorporated into commercial products.

7.2 SOLAR-GRADE SILICON

It was seen in Chapter 6 that solar cells presently use the ultrapure
silicon produced for the semiconductor industry. However, in tran-
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122 Improved Silicon Cell Technology Chap. 7

sistors and integrated circuits, the emphasis is on silicon quality, and
material costs are relatively unimportant. For solar cells, it is worth-
while considering a trade-off between performance and cost.

As mentioned in Section 3.4.4, impurities in solar cells gener-
ally introduce allowed levels into the forbidden gap and thereby act
as recombination centers. It was seen in Section 5.4.2 that an increased
density of such centers will decrease the cell efficiency. Figure 7.1
shows the experimental results for a range of different metallic impu-
rities, when each is the only impurity present apart from the dopant
(Ref. 7.1). Although some metallic impurities (Ta, Mo, Nb, Zr, W, Ti,
and V) can reduce cell performance when present in extremely small
concentrations, others can be present in concentrations in excess of
10'%/em? before becoming a problem. This is about 100 times higher
than impurity levels in semiconductor-grade silicon (SeG-Si). [t makes
it likely that an alternative, less expensive process might produce a
less pure solar-grade silicon (SoG-Si) which still gives cells of adequate
performance. Several alternative processes appear capable of produc-
ing silicon of quality not appreciably lower than 8e-G but at afraction
of the cost of conventional technology.

One of the more promising is that developed by the Union
Carbide Corporation. Itinvolvesthe preparation of silane (5iH, ) from
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Figure 7.1. Effect of different secondary impurities on the
performance of silicon solar cells (After Ref. 7.1, ©1978

IEEE.)

Sect. 7.3 Silicon Sheet 123

metallurgical-grade silicon and the subsequent deposition of silicon
from silane (Ref. 7.2). Analysis of this process indicates that it is ca-
pable of producing silicon at one-fifth the cost of the present com-
mercial process using only one-sixth of the processing energy. An al-
ternative process at an advanced stage of development is that developed
by Batelle Columbus Laboratories. It is based on the zinc reduction
of silicon tetrachloride (Ref. 7.3). It is probable that improved pro-
cesses such as these will replace the conventional Siemens process for
producing silicon not only for the solar cell industry but also for the
semiconductor electronics industry in general,

7.3 SILICON SHEET
7.3.1 Sheet Requirements

Having produced purified silicon, it is then necessary to con-
vert it into the form of thin sheets of good crystallographic quality
for use as solar cells. To obtain the full photovoltaic output from the
material, it only has to be 100 um or so thick. In the past, the ap-
proach used has been to form a large single-crystal ingot using the
Czochralski (CZ) process and then slice thin wafers from this ingot.
This approach is very inefficient in converting bulk silicon into large
areas of solar cells. Not only is over half the silicon lost in sawing it
into wafers, but cutting limitations result in thicker wafers than es-
sential. Also, the wafers are circular, which means that they cannot
be packed very densely when encapsulated into solar modules unless
trimmed to a square or hexagonal shape.

7.3.2 Ingot Technologies

The Czochralski approach is an example of an ingot technol-
ogy. The fundamental limitation of such a technology is that the in-
gots produced have to be sliced up into wafers with the disadvantages
already mentioned.

The standard Czochralski process can be modified to operate
on a semicontinuous basis with resultant cost savings (Ref. 7.4). The
fact that the process produces cylindrical ingots’® is also a disadvantage
in solar cell applications.

A simpler approach to producing ingots, particularly those of
square cross section, is to use a process similar to casting. This will

Lyg: . . . . .
With modifications, ingots with an approximately square cross section can be
prepared by the Czochralski process (Ref. 7.5).
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generally result in a polycrystalline ingot which is not ideal for solar
cell applications. However, with careful control over the conditions
under which molten silicon solidifies, silicon of large grain size can be
formed. With a suitable “mold’ material, such large-grained material
can produce solar cells of good performance (Ref. 7.6).

With a suitable seed and a method of controlling the rate of
solidification as in the heat-exchanger method (Ref. 7.7}, it is possible
to produce essentially single-crystal ingots of quite massive propor-
tions with a “casting”’ approach. The performance of cells fabricated
from such material has been comparable to that of cells made of good-
quality Czochralski material. Studies indicate that this approach
has a marked economic advantage over even the advanced Czochralski
techniques (Ref. 7.8).

7.3.3 Ribbon Silicon

The limitations of the ingot approach can be avoided if the
silicon can be formed directly into sheets or ribbons, Several tech-
niques have been developed for achieving this.

The first to be developed to the stage of producing commercial
cells is the edge-defined film-fed growth (EFG) method, as illustrated
in Fig. 7.2. This technique bears some relationship to the Czochralski
process except that the shape of the crystal pulled is defined by a
graphite “die.” As a consequence, it is possible to obtain crystals in
the form of thin ribbons directly from the melt (Ref. 7.9). Very high
production rates of silicon can be obtained by pulling several ribbons
simultaneously from the same melt (Ref. 7.10).

The major problem with this technique relates to the quality
of the material produced. The process produces material of relatively
poor crystallographic quality compared to the Czochralski process.
Owing to the nature of the growth process, impurities introduced in-
to the molten silicon from the die, crucible, and surrounding regions
of the growth furnace are incorporated into the growing ribbon. (In
other crystal growth processes, most of these are preferentially rejected
from the growing crystal to the molten silicon.) In addition, the mol-
ten silicon tends to react with the graphite die. This can result in sil-
icon carbide precipitates in the ribbon which can disrupt its growth
and degrade the properties of subsequently fabricated cells.

The dendritic web method illustrated in Fig. 7.3 overcomes
some of these disadvantages, By controlling temperature gradients, it
is possible to encourage the growth of parallel dendrites into the mol-
ten material. As these are pulled out of the melt, a film of molten
silicon is trapped between them (Ref. 7.11). This subsequently solid-
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ifi i in ribbon of silicon bounded by the thicker dendrites.
ﬁThwsszocivi: :(:lmoved and recycled after cell fabl_’ication on the ribbon
section. No die is required and material properties are nearly as good
as these obtained from the Czochralski process. The relatively lqw
production rate of silicon crystal material by this process has been its
] isadvantage.
At dll:.elative;% small samples of silicon ribbon pyodu:ced by both
the EFG and dendritic web processes are con.lpared in Fig. 7.4. Note
the corrugated surface finish typical of material proc‘111.ced by the E?‘G
process and the mirror finish characteristic of dendritic web material.

i 7.4. Comparison of the physical appearance of
Ellggeand dendriti}:: web silicon ribbon crystals. The Qen-
drites are removed from the latter after cell processing.
{Ribbon courtesy of Japan Solar Energy Corporation and
Westinghouse Research Laboratories.)

Malten silicon

Ribbon

Crucible wall

Figure 7.5. Horizontal or low-angle growth method for
producing silicon ribbon. Ribbons can be produced at very
high rates, but dimensional control has been a problem in
the past.

Several other ribbon growth processes are at a less advanced
stage of development. One distinguished by very high rates of ribbon
production is the horizontal or low-angle growth method of Fig. 7.5.
The major developmental problems with this technigque have related
to control of the ribbon dimensions (Ref. 7.12). Casting of silicon
directly into sheet or ribbon form has also been explored (Refs. 7.6
and 7.13).

74 CELL FABRICATION AND INTERCONNECTION

The disadvantage of the standard technique for fabricating cells on
silicon wafers as described in Chapter 6 is that it is a ““batch’-orien-
tated technique. As such, it is capable of only relatively low through-
put and also is extravagant in the use of materials, particularly metal
for forming the cell contacts. Several approaches are now being used
in commercial devices which overcome these limitations and, as a
bonus, result in cells of higher performance.

One major development has been the use of silicon wafers with
textured surfaces. Using selective etching, it is possible to form small
pyramids on the surface of silicon wafers (Ref. 7.14). The appearance
of these pyramids greatly magnified under the scanning electron mi-
croscope is shown in Fig, 7.6. Light reflected from the side of one of
these pyramids is reflected downward, getting a second chance of
being coupled into the cell. With the use of an antireflection coating,
reflection losses can be reduced to less than a few percent. As shown
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Figure 7.6. Appearance of a textured silicon surface under
a scanning electron microscope. The peaks are typically 10
um high and are the tops of square-based pyramids. The
gides of these pyramids are intersecting (111) planes within
the crystal structure of the silicon.

in Chapter 8, this technique can give acceptable performance even
without antireflection coatings.

In the previous standard process, the p-n junction was formed
by diffusing impurities on a batch basis. A more cost-effective ap-
proach is to spray layers containing the required dopant onto the wa-
fer surface and to diffuse the impurity in using a continuous-belt
process (Ref. 7.15). An alternative approach is to use a technique
known as ion implantation (Ref. 7.16). Ions of the dopant are accel-
erated to high velocities and directed at the wafer surface, These are
embedded in the silicon wafer near the surface they impact. A sub-
sequent annealing step removes the damage inflicted on the silicon
lattice by this process and also ‘‘activates” the dopants in an electronic
sense. Pulsing by an electron beam or laser is an energy-efficient an-
nealing approach. A very tidy process for the high-volume produc-
tion of solar cells based on ion implantation is indicated in Fig. 7.7.

Further improvement in solar cell performance has been ob-
tained by paying attention to obtaining a low-surface-recombination-
velocity contact to the rear of the cell. As indicated in Chapter 5,
this improves the open-circuit voltage of the cell and it also mar-
ginally increases the current output. The use of what is somewhat
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Figure 7.7. Schematic diagram of a continuous

; vac
process for producing solar cells based on ion-imp?a:;?c'!l
junctions, evaporated metal contacts, and pulsed electron
beam annealing. (After Ref. 7.16, ® 1976 IEEE.)

ma;_)pr.opriately called a back surface field (BSF) is one technique for
ach_lev:_ng low effective recombination velocities at the rear of the cell
As indicated in Fig. 7.8, a heavily doped region is included right at th(;
back contact to the cell. From theoretical considerations, the interface
between this region and the more lightly doped bulk regions can be
shpwu to gct as a low-recombination-velocity surface. Not only does
!:hns technique improve voltage and current output as mentioned, but
it also makes it easier to make a low-resistance contact to the sificon
at the rear of the cell. In practice, the most effective technique for
producing this “back surface field” has been to screen print an alu-

{ N*

Figure 7;8. Sketch of the N*PP* solar cell. The heavily
d_oper(l] P regula(n att;hegsfr of the cell blocks minority car-
rier flows, making the junction plane an effecti -
recombination-velocity surface, P elfective low
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Figure 7.9. Solar eells of 10 cm in diameter with sol-
der-dipped ({upper) and screen-printed (lower) top-layer
metallization.

130
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minum-based paste onto the rear of the cell and alloy the aluminum
into the silicon in a subsequent firing step (Ref. 7.15).

Metallization was one of the weak links in the standard solar
cell processing sequence of Chapter 6. Two lower-cost processes used
in commercial cells are screen printing and electroplating. Both of
these prevent wastage of metal and eliminate the requirement for ex-
pensive vacuum equipment. In the former, a paste containing the
metal is printed onto the silicon wafer through a mask and subse-
quently fired to remove “binders” in the paste and to lower the metal
resistivity. Silver pastes were the first to be used commercially al-
though nickel, aluminum, and copper pastes may be lower-cost alterna-
tives. In the plating approach, a pattern is etched throughan insulating
layer on the cell surface and the desired metal layer is plated through
this, More than one type of metal layer generally is plated sequen-
tially, since few metals by themselves possess the properties of good
adherence to silicon, corrosion resistance, low resistivity, and low
cost. A final step in this approach may be “solder dipping”” to cover
the plated metal by a layer of solder for corrosion protection and
lower series resistance. Figure 7.9 compares the physical appearance of
cells with solder-dipped and screen-printed top-layer metallization.

Spraying appears to be the most cost-effective method for
applying the antireflection coating, although with textured surfaces
this layer may not be required. Automated machinery has been de-
veloped for connecting the cells together and for their encapsulation
into solar modules (Ref, 7.17).

7.5 ANALYSIS OF CANDIDATE FACTORIES

Several alternative approaches to producing silicon cells have been
outlined in previous sections. To provide common ground for the
comparison of economic aspects of these approaches, a costing tech-
nique known as SAMICS (Solar Array Manufacturing Industry Cost-
ing Standards) has been developed (Ref. 7.18). Using a computer
program based on this technique, some of the best documented and
validated costing has been done of the processing sequences involved
in fabricating solar modules.

Large-capacity factories have been designed based on different
combinations of the technologies described in this chapter and the
cost of the resulting solar modules compared using the SAMICS meth-
odology. The results have been that several combinations of these
technologies appear capable of producing solar modules at costs which
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would make them competitive energy generators in some of the large-
scale applications described in Chapter 14. The EFG and dendritic
web ribbon approaches as well as HEM (heat-exchanger method) with
subsequent wafer slicing all appear viable silicon sheet technologies,
with the advanced Czochralski approaches lagging somewhat behind
(Ref, 7.8).

As an example of an automated factory capable of producing
low-cost silicon modules, the characteristics of one of the first to be
analyzed by the SAMICS approach will be described (Ref. 7.19). The
product resulting from this factory isa 1.2 X 1.2 m module made up
of 192 cells fabricated on EFG ribbon silicon cut to asize of 10 X 7.5
cm as shown in Fig. 7.10. The module efficiency is 11.4%.

The processing sequence used to produce the module is shown
in Fig. 7.11. The Union Carbide process is used to refine metallur-
gical-grade silicon. Silicon sheet is prepared from this material by the
EFG process and cut to size, The major stages in fabricating cells on
this material are the application of a back surface field, texture etch-
ing, ion implantation of the junction followed by pulse annealing, and
the screen printing of contacts. The cells are then encapsulated and
tested.

&

Output 171 W

Ethylene vinyl acetate

Soda-
lime

85
¢ «— Mylar

EFG ribbon cells

Figure 7.12,

Metallurgical Apply P* back
silicon I
Etch Interconnect
Grow sheet lon implant Encapsulate
Refine | | |
Cut size Pulse anneal Agsemble frame
Back metal Test
Front metal Pack
and
] ship
AR coat
. - L} - J l__ﬁ } [ v
Silicon prep. Sheet fabr. Cell fabr. Module fabr,
Figure 7.11. Processing sequence used to produce the
module of Figure 7.10. (After Ref. 7,18.)
Production rate {W/yr) 250,000,000
Labor force (all shitts) 1,152 direct
529 indirect
Silicon Factory area {f12}
ADM refinement Silicon refinement 40,800
40,800 ft2 Sheet growth 19,650
Cell fabrication 31,200
Maodule fabrication 10,200
Warehouse 9,779
Sheet, cell, Misc. {aisles, shops, cafeteria, etc,} 20,901
and module N .
Capital equipment ($)
. 2
fabrication 81,630 ft Silicon refinement 19,400,000 *
Sheet growth 14,820,000
Cell and module fabrication 8,219,000
*Unicn Carbide

Energy payback time sheet, cell, and module 0,179 year

Calculated space, labor, and capital require-

ments (1975 $US) to produce cells in a volume of 250
MW, /yr. The calculated selling price of the module (F.0.B.

Figure 7.10.

Solar cell module produced by the candidate

factory described in the text. (After Ref. 7.19.)

factory) was $0.46 per W, in the same monetsry units.
{After Ref. 7.19.)
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Figure 7.13. (a) Physical layout of the nbbon crystal pul-
lers for the candidate factory. Each puller produces five
ribbons simultaneously using the EFG approach (dimensions
are in feet). (b) Physical layout of cell processing, encapsu-
lation, and testing sections of the plant. (After Ref. 7.19.)
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To achieve the low costs mentioned, production volume has
to be an estimated 250 MW, /yr. The labor requirements and area re-
quirements for different steps in the module fabrication are shown in
Fig. 7.12. The operating time of the modules to pay back the proces-
sing energy invested in them for this processing sequence is avery low
65 days.

To give an idea of the size and physical layout of different
sections of the candidate 250 MW, /yr factory, Fig. 7.13(a) shows a
possible layout for the sheet-preparation section of the factory. Fig-
ure 7.13(b) shows the sections dealing with cell fabrication, encapsu-
lation, and testing.

7.6 SUMMARY

Several advanced technologies have been developed for producing
low-cost silicon solar cell modules. These eliminate the deficiencies
in the standard processing sequence described in Chapter 6.

Direct growth of silicon ribbons eliminates wafer slicing, which
is the weak link in any ingot technology. The main requirements on
techniques for fabricating cells on silicon wafers are that they be ca-
pable of a high degree of automation and that they do not consume
excessive materials, Several processing sequences satisfy these criteria.
Economic analysis of candidate factories based on advanced processing
sequences show that it should be possible to produce silicon solar.cell
modules at prices that would make them competitive with conven-
tional sources of electricity, at least in some large-scale applications.
A “thin-film” technology as described in Chapter 9 places less severe
demands on the quantity of photovoltaic material required. For this
reason, approaches other than those based on erystalline silicon, as
described in this chapter, will prove even less expensive in the long
term.

EXERCISES

7.1. The volume density of silicon atoms in a silicon crystal is about 5 X 1028
m™. According to Fig. 7.1, how many parts per billion of the following
impurities can be tolerated in standard solar cells without degrading per-
formance by more than 10%7 (a) Mo; (b) Ti; (c) Cu.

7.2. (a) The best performance in the near term expected to be able to be main-

tained in a production setting with advanced silicon ingot slicing tech-

niques is to produce wafers 2560 um thick with a cutting or kerf loss
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of 150 um. With such a technology, what is the maximum area of sil-
icon that can be obtained from each kilogram of silicon starting ma-
terial, assuming that the material lost in cutting is not reclaimed?

(b) What is the corresponding figure for a ribbon technology that produces
ribbons 100 ym thick?

(c) If the material produced as above results in cells of 16% and 12% en-
ergy-conversion efficiency, respectively, under bright sunlight (1
kW/m?), find a value for the maximum power-generating capacity of
each of the foregoing technologies expressed as peak watts/kilograms.

(d) If pure silicon were to be produced at the present volume of metai-
lurgical-grade silicon (~1000 million kilograms annually}, what would
be the maximum possible generating capacity from one year’s produc-
tion for solar cells made by each of the foregoing approaches?

Calculate the maximum packing density (cell area to module area) that can

be obtained for circular cells packed into rectangular modules.

REFERENCES

[7.1] J. R. Davis et al., “Characterization of the Effects of Metallic Impur-

ities on Silicon Solar Cell Performance,” Conference Record, 13th IEEE
Photouoltaic Specialists Conference, Washington, D.C., 1978, pp. 490-
496.

[7.2]) C. L. Yaws et al., “New Technologies for Solar Energy Silicon: Cost

Analysis of UCC Silane Process,” Solar Energy 22 (1979), 547-553.

[7.3] C. L. Yaws et al., “New Technologies for Solar Energy Silicon: Cost

Analysis of BCL Process,” Solar Energy 24 (1980), 359-365.

{7.4] G. F. FiEGL anD A, C. Bonora, “Low Cost Monocrystalline Silicon

Sheet Fabrication for Solar Cells by Advanced Ingot Technology,”
Conference Record, 14th IEEE Photovoltaic Specialists Conference,
San Diego, 1980, pp. 303-308; A. H. KacHARE et al., “Performance of
Silicon Solar Cells Fabricated from Multiple Czochralski Ingots Grown
by Using a Single Crucible,” Conference Record, 14th IEEE Photovoltaic
Speciglists Conference, San Diego, 1980, pp. 327-331.

[7.5] J. C. Posa, “Motorola Pulls Square Ingots,” Electronics, October 11,

1979, p. 43.

[7.6] H. FiscHER AND PscHUNDER, “Low Cost Solar Cells Based on Large

Area Unconventional Silicon,” Conference Record, 12th IEEE Photo-
voltaic Specialists Conference, Baton Rouge, 1976, pp. 86-92; J, LiND-
MAYER AND Z. C. PUTNEY, ‘““‘Semicrystalline versus Single Crystal Sil-
icon,” Conference Record, 14th IEEE Photovoltaic Specialists Confer-
ence, San Diego, 1980, pp. 208-213.

[7.7] C. P. KuarTak anp F. ScHMID, “Low-Cost Conversion of Polyerys-

talline Silicon into Sheet by HEM and Fast,” Conference Record, 14th
IEEE Photovoltaic Specialists Conference, San Diego, 1980, pp. 484-
487,

(78]

(7.2]

[7.10]

[7.11]

[7.12]

[7.13]

[7.14]

[7.15]

[7.18]

(7.17]

[7.18]

[7.19]

References 137

R. W. AsTEr, “PV Module Cost Analysis,” in LSA Project Progress Re-
port 13 for Penod April 1979 to August 1979, DOE/JPL-1012-29, pp.
3-385 to 3-395.

K. V. Ravi, “The Growth of EFG Silicon Ribbons,” Journal of Crystal
Growth 39 (1977), 1-16.

d. P. KaLEss et al., “Progress in the Growth of Wide Silicon Ribbons by
the EFG Technique at High Speed Using Multiple Growth Stations,”
Conference Record, 14th IEEE Photovoltaic Specialists Conference,
San Diego, 1980, pp. 13-18.

R. G. SBErpENSTICKER ,“Dendritic Web Silicon for Sclar Cell Applica-
tion,” Journal of Crystel Growth 39 (1977), 17-22,

T. KovaNnagl, “Sunshine Project R and D Underway in Japan,” Con-
ference Record, 12th IEEE Photovoltaic Specialists Conference, Baton
Rouge, 1976, pp. 627-633; D. N. JEweTr AND H. E. BaTEs, “Low
Angle Crystal Growth of Silicon Ribbon,” Conference Record, 14th
IEEE Photovoltaic Specialists Conference, San Diego, 1980, pp. 1404-
1405,

D. J. RowcLIFFE AND R. W. BARTLETT, “Vacuum Die Casting of Si
Sheet,” in LSA Progress Report 13 for Period April 1979 to August
1979, DOE/JPL-1012-39, pp. 3-152 to 3-154.

8. R. CHITRE, “‘A High Volume Cost Efficient Production Macrostrue-
turing Proeess,” Conference Record, 13th IEEE Photovoltaic Specialists
Conference, Washington, D.C., 1978, pp. 152-154.

N. MArDESICH et al., “A Low-Cost Photovoltaic Cell Process Based on
Thick Film Techniques,” Conference Record, 14th IEEE Photovoltaic
Specialists Conference, San Diego, 1980, pp. 943-947.

A. KIRKPATRICK et al., “Silicon Solar Cells by Ion Implantation and
Pulsed Energy Processing,” Conference Record, 12th IEEE Photovol-
taic Specialists Conference, Baton Rouge, 1976, pp. 299-302; also
“Low-Cost Ion Implantation and Annealing Technology for Solar Cells,”
Conference Record, 14th IEEE Photovoltaic Specialists Conference,
San Diego, 1980, pp. 820-824,

H. SoMBERG, Automaied Solar Panel Assembly Line, report prepared
for Jet Propulsion Laboratery, Report No. DOE/JPL/955278-1, April
1979, and subsequent reports.

R. G. CHAMBERLAIN, “Product Pricing in the Solar Array Manufacturing
Indusiry: An Executive Summary of SAMICS,” Conference Record, 13th
IEEE Photovoltaic Specialists Conference, Washington, D.C., 1978 ppP.
904-907.

J. V. GoLpsmitH anND D. B. BICKLER, LSA Project—Technology De-
velopment Update, report to U.S. Department of Energy by Jet Propul-
sion Laboratory, DOE/JPL-1012-7, August 1978 (JPL Pub #79-26); also
D. B. BicKLER, “A Preliminary ‘Test Case’ Manufacturing Sequence for
50°/Watt Solar Photovoltaic Modules in 1986, Proceedings of Second
E. C. Photovoltaic Solar Energy Conference (Utrecht D. Reidel Publish-
ing Co., 1979), pp. 835-842,




Sect. 8.2 Major Considergtions 139

Chapter has of contributing to the short-circuit current of a solar cell. This is
a function of the position the carrier is generated within the cell.
This parameter will be seen to be critical in determining the physical
design of solar cells.

To find the collection probability, the artificial situation
shown in Fig. 8.1(a) will be analyzed. Generation of electron-hole
pairs by light will be assumed to occur only at points lying on a sin-
gle plane throughout the cell. For the case where symmetry allows a
“one-dimensional’ analysis, the generation rate as a function of dis-
tance through the cell will be an impulse function, as indicated in
Fig. 8.1(b).

The aim of the analysis will be to find the proportion of elec-

DESIGN trons generated at the point x, which contribute {o the correspond-

ing current flowing in the cell under short-circuit. During the analy-

OF SlLICON SOI_AR CELI_S sis, it will be seen that no nonlinearities are involved and, by the

superposition principle, the results can be applied to cases where the

form of the generation rate corresponds more closely to practical sit-
uations. The analysis closely parallels that of Section 4.6.

In region 1 of Fig. 8.1(b), the generation rate is zero every-
where except at the single point x, right at the edge of the region.
The differential equation that the excess minority carriers, An, must
satisfy is therefore similar to Eq. (4.256):

d?An An
8.1 INTRODUCTION 2 L2

(8.1)

In previous chapters, standard and improved technologies for produc- i

ing silicon solar cells have been described, Inthe present chapter, con- Generation : - _ p

siderations relevant to the detailed design of silicon cells will be dis- : rate | Deptetion region

cussed. Answers will be found to questions such as: What is the opti- <1‘,/

mum level of dopants on either side of the junction? Where is the best }

location for the junction? What is the best shape for the top contact |

to the cell? How can optical losses from the cell be minimized? - L+ Region 1 Region 2 .
Although answers to these questions wi}l be provided specifi-

cally for silicon cells, parallel considerations will apply to cells made

from other materials discussed in Chapter 10.

X4
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Generation only at this plane ]—«» x '—» x

Distance from surface
8.2.1 Collection Probability () o
of Generated Carriers

8.2 MAJOR CONSIDERATIONS

Figure 8.1. Idealized carrier-generation conditions used to
A spatially dependent parameter, the collection probability, calculate collection prohabilities. An expression for the

. ps - . P i fraction of carriers generated at point x; which contribute
can be defined as the probability a hght-generated minority carrier to the cell short-circuit current is found in the text.
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where L, is the diffusion length. The general solution is, as before,
An = Ae*!™e + Be ™" (8.2)

Boundary conditions are applied to assign values to the con-
stants A and B. Under short-circuit conditions, the excess electron
concentration at x = 0 is zero, since its value is determined by the
voltage across the junction. Hence, A = -Band

An = A(e"™ - e™/") = 2.4 sinh (Li) (8.3)

Similarly, in region 2 of Fig. 8.1(b),

An = ce*" + De ~ILe

where the origin of the x direction is at the point x,. In'this.case,
the excess concentration must be finite as x' becomes large. Hence,
C=0and

An = De "™ (8.4)

At the position x,, the two solutions given by Eqs. (8.3)' and
(8.4) must match up since the electron concentration is continuous.

Hence,

D =24 sinh (%1) (8.5)

On the n-type side of the device, the generation rate is zero
throughout since the only generation occurs at x, . Also, the excess
hole concentration Ap is zero at the edge of the depletion region
when the cell is short-circuited. It follows that Ap is zero through-
out this region. The resulting distributions of electrons and holes are
shown in Fig. 8.2(a). Since minority carriers in uniformly doped
quasi-neutral regions flow predominantly by diffusion (Section 4.5),
minority-carrier current flows can be readily calculated by differen-
tiating the foregoing distributions. The results are illustrated in
Fig. 8.2(b).

The discontinuity in the electron current density at the point
x, arises from the generation of carriers at this point. The size of the
discontinuity is just the electronic charge multiplied by the rate of
generation at this point. Assuming little change in currents across
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Figure 8.2. (a} Carrier distributio

) ns through t
for th_e generation conditions of Fig, 8.1. ‘(;b) ggr:zgoflgf
Ing minority carrier current distributions.

the depletion region (as previously di i i

¥ discussed in Sections 4.6.2 and
5.4.3), the t?ta.l current density in the device is equal to the electron
current density at x = 0. The probability of collection (7. ) is just the

ratio of the rate of flow of carriers in the exte on (7
of generation. Hence, rnal circuit to the rate

f. = ‘_I_S.(_J
[4
o (8.6)
However, in the p-type region,
_ dn
Je = qD, o (8.7)
Hence, in region 1,
2qD,A x
J, === =
f L cosh (Le) | {8.8)
which gives, at x = 0,
2qD_A
=444 4
. L. (8.9)

Jpis can be found by evaluatin i
. : g the two expressions for curre
on either side of the discontinuity (J,- and J,,): nt flow

141




142 Design of Silicon Solar Cells Chap. 8

_2eD.A o (h) | (8.10)
==L, L.
Joo = TIDeD L T2ADA (%l) (8.11)
Le e e

The latter equation follows from Eqs. (8.5) and (8.7). Hence,

Ipis = Je- = Jes

- 2qDeA exlfLe (8.12)
L,
1t follows that
f.= e'x'ﬂ'e (8.13)

The collection probability decreases exponentially with incre.amng-dls-
tance of the point of generation away from the e(%ge: of the ]ur.ncthn-
depletion region. The characteristic decay l_ength is ]u.st the mmonty
carrier diffusion length. Since the foregoing _analysls is linear, t.hls
conclusion is valid regardless of the distribution of the generation
] out the device. _
rate of C:Tlf;:ctl?l;'uie probability of collection as a function of dls
tance through a solar cell is shown in Fig. 8.3. _As postulated earl.ler
(Section 4.7), the depletion region and the region of the cell lying

1 Depletion region

Collection probability, f,

Distance into cell, x

Figure 8.3. Calculated collection probability of generated
minority carriers as a funetion of the point of generation in
the solar cell.

SR

____________ 1w

Figure 8.4. Critical dimensions in a cell of finite extent,

within a minority-carrier diffusion length of it are the regions where
generated carriers have the highest chance of contributing to current
flows (i.e., of being collected). A minority carrier generated outside
these regions has an excellent chance of recombining before reaching
the junction and subsequently the device terminals.

The foregoing analysis has assumed implicitly that both the
n- and p-type regions extend much further than a diffusion length
from the junction. For actual cells of finite extent as shown in Fig.
8.4, the collection probability will be modified. For example, if the
surface on the p-type side of the device has a high recombination
velocity, the expression corresponding to Eq. {8.13) is

£ = sinh [(Wp - x)/L.]

8.14
sinh (Wp/L,) ( )
If it has a low surface-recombination velocity, then
_ cosh [(Wp - x)/L,]
fe cosh (Wp /L, ) (8.15)

Both these approach the expression of Eq. (8.13) for Wp >>L,.

8.2.2 Junction Depth

Exposed surfaces such as between grid lines at the top of the
solar cell are generally high-recombination-velocity surfaces. Inter-
faces between ohmic metal contacts and semiconductor are also gen-
erally regions of high recombination velocity. It has already been
shown in Section 7.4 that one way of creating an effective low-
recombination-velocity interface was by using a back surface field
(i.e., by forming a junction between highly doped and lightly doped
material of the same dopant type).

143




144 Design of Silicon Solar Cells Chap. 8

In view of the above and Egs. (8.14) an.d (8.15)‘, the collec-
tion probability of generated carriers as a function of dlstanct.a frlgm
the surface of a p-n junction solar cell has the form s_how_n in Fig.
8.5(a). Two features are important. A back surface field m[;‘roves
the probability of collection of carrie_rs go_enerated near the bac co}xll-
tact and hence improves the short-circuit current of the cell. The
probability of collection of carriers generated near the top surface of

is generally low. -
e SOIaEcofli:iseiing th:;r actual generation rate _of carriers in a semi-
conductor when illuminated by sunlight, the highest rate of genera-
tion will occur right at the semiconductor surface. For monochro-
matic light, the generation rate is given by

G=(1- R)aNe ®* (8.16)
-:‘ I
£ o
| | —
% [ h
I |\\
-‘g i : Without BSF I \
2 I AN
[} 1 1
Distance into cell
(a)
(L]
£
&
3
Diistance into cell

{b}

igure . Collection probability for_a cell of finite
gtent sv'vsi’th (a:)d without a back surface field. (b) Sche-
matic diagram showing the generation rate of electr01_1—hol_e
pairs as a function of distance into the cell when illumi-
nated by suntight.
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where x is the distance below the surface, o« the absorption coeffi-

cient, N the incident photon flux, and R the fraction reflected. Un-
der sunlight, the generation rate becomes

Amn
G(x) = f [1- RN adR) N'(A) e2®= g (8.17)
0

where N'(}) is the incident flux per unit wavelength. The approxi-
mate form of this weighted exponential is shown in Fig. 8.5(b). The
generation rate has a very strong peak near the surface precisely
where the probability of collection is low. This deficiency obuiously
is minimized if the junction is as close to the surface as possible.

8.2.3 Lateral Resistance of Top Layer

Current flows in the bulk of the device are generally perpen-
dicular to the surface of the cell as indicated in Fig. 8.6(a). To ex-
tract current via a contact that partially covers the top of the cell,
current must flow laterally through the top layer of cell material.

For a uniformly doped n-type layer, the resistivity of this layer is
given by (Section 2.14)

1
queND

p= (8.18)

A quantity more appropriate for describing the lateral resis-
tance of this layer is the “sheet resistivity”’ (p, ), which is the resistiv-
ity divided by the layer thickness, ¢:

__ 1
qu.Npt

Ps (8.19)

For nonuniformly doped layers, the product U Npt is re-

placed by the integral [§ u,

(x) Np (x) dx. Sheet resistivities have the

dimensions of ohms but are normally

expressed as ohms/square

(£2/00).
The sheet resistivity determines the minimum spacing re-
quired between the grid lines of the top contact. Referring to Fig.
8.6(b), the resistive power loss due to lateral current flow is readily
calculable. The incremental power loss in the section dy is given by

dP=[*dR (8.20)
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:l"lons of a p-n(junction solar cell. (b) Calculating power loss
due to the lateral resistance of the top layer.

is j t flow, is zero at the
here dR is just p,dy/b, and I, the lateral curren , | :
;idpoint between gratiz;g lines and increas_es linearly to its maximum
at the grating line under uniform illumination. Hence,

I=Jby (8.21)

whére J is the current density in the device. The total power loss is
the integral of the incremental losses:

§/2 J? b2y2psdy _ !2 bp,S3 29
Pross = ffzdR = f 5 " (8.22)
0

i i ted power from the
At the maximum power point, the genera :
region under consideration is Vo dmp 85/2. Hence, the fractional
power loss at this point is

=£lo;-s= P&P_ (8.23)
Pup 12VmIJ

i ini i d for a given

This allows the minimum spacing § tq be foun Y 2 gl
set of cell parameters. For example, for a typical commercial silicon
cell, p, = 40 /0, Jp, = 30 mA/em?, and Vi, = 450 mV. For less
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than 4% power loss due to lateral resistance effects,

12 pV,,,
Pslmp

8 <

That is,

12 X 0.04 X 045
<(

1/2

40 X 0.03 ) cm < 4 mm (8.24)

This agrees with the grid spacings found on commerecial sili-
con cells. Those with any larger spacing have a smaller sheet resistiv-
ity, and those with smaller spacing have a larger sheet resistivity. In
practice, the major factor determining the sheet resistivity is the
depth of the junction in Eq. (8.19). In fact, the resolution limits of
the technology used to produce the grid pattern effectively sets the
lower limit to the depth of the junction beneath the cell surface. To
achieve minimum sheet resistivity of this layer, it is doped as high as
practical.

8.3 DOPING OF THE SUBSTRATE

The substrate is uniformly doped during its preparation from molten
material. The level of doping used is determined by the criteria
which will now be discussed.

To get maximum Igc once the junction depth is specified,
the key parameter is the diffusion length in the substrate material,
This is determined primarily by the minority-carrier lifetime in this
region (L, =v/D,1.). In Section 3.4, three different recombination
mechanisms were identified which determine the value of this quan-
tity. For all of these, the general trend is a decrease in lifetime with
increasing doping level. This is indicated in Fig. 8.7, which shows
this dependency and the relative values of the lifetimes as caused by
the different processes. For recombination by traps, the ideal ex-
pression for the variation of lifetime with doping follows from Eq.
(3.22). It has the form

TaT = Tno (1 + ——) (8.25)

where m, is approximately equal to the larger of the parameters p,
and Tpon, /T,,. Its value is determined by the energy and perhaps the
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capture cross sections of the dominant tl:ap. FO}' Auger re.corgbl-
nation, the approximate expression at high doping levels is (Sec-
tion 3.4.3)

1

Tpa = m (8.26)
while for radiative recombination (Section 34.2),
Tor = : (8.27)
2BN,
The net recombination rate is given by
1. 1 L + ! (8.28)

T Tnr Tna TaR

As a consequence of the discussion above, it .is concluded
that increasing N, will tend to decrease Isc._ Regarding the open-
circuit voltage, the simple form of the expression for the saturation
current density of a diode is given by Eq. (4.37)
( D.n? . D,,n?)

—— .

(8.29)
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Figure 8.8. Dependence of key solar cell parameters upon

the density of p-type dopants as obtained by high-perfor-
mance experimental devices:

(a) Without a back surface field.
(b) With a back surface field.

The smaller I,,, the larger V.. Hence, it would appear appro-
priate to make N, and Nj as large as possible to obtain maximum
V... For a p-type substrate, the doping in the n-type diffused region
{Np) is made as large as possible to reduce the sheet resistivity.
Hence, the second component in Eq. (8.29) is reasonably small, as
discussed further in Section 8.6. It is concluded that V,. will tend
to increase with increasing N, .

Because of the opposite dependencies of Iz and V. upon
N, , it follows that there will be an optimum substrate doping level
for maximum energy-conversion efficiency. This is in agreement
with experimmental results as indicated in Fig. 8.8(a). The results
shown are indicative of experimental devices of good performance on
substrates of different doping levels.

8.4 BACK SURFACE FIELDS

It has been mentioned that a highly doped region near the back con-
tact will increase the short-circuit current and the open-circuit volt-
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i i f improved collection effi-
e. It improves the former by virtue o npr ollec
2igency in tkrl)e vicinity of the back contact, as 1nd1catfad in Fig. 8.5. It
improves the latter by virtue of a reduced saturation current (Sec-
tion 4.9). The contribution to the saturation current from a p-type
substrate with such a BSF takes the form

2 W,
o =P h (—") (8.30)
% L.Na L.

Once the thickness of the p-type region is much less than a
diffusion length (W, << L,), this equation reduces to

Iyp = % (8.31)
TeNA

With the increase of 7, with decreasing N, in@ic_at:ed in Fig.
8.7, this means that V,, will not be dependent.on resistivity for the
higher resistivities. This differs from the case without a back sul_'fgce
field. Maximum efficiencies will occur at lower. doping densﬂnesl,
provided that the series resistance of the substrate is not a prob}em.
This is indicated in Fig. 8.8(b), which shows results corresponding to
Fig. 8.8(a) when a back surface field is present.

8.5 TOP-LAYER LIMITATIONS

8.5.1 Dead Layers

In Section 8.3, it was shown that high effective .recombl{la-
tion velornlzitsies at the top surface of the ce!l lead to an o_ptlmal de§1g1n
where the top diffused layer of the cell is mafie'a's _t.hm as possible
consistent with obtaining reasonable shegt. resistivities. In cells de-
veloped in the 1960s for space use, junction depths beneath the iur-
face were typically about 0.5 um. As much phosphorus dopant as

1 For high resistivities, minority carrier mflcentrations are hk;g tz lieoﬁ?g;:::
ble to majority carrier concentrations during ce}l opgratmn. wal _c; L only com
plicates the calculation of series resistance but mvalld'ates the la:ndy l;scun-ent h
the expressions of this section are based. ) An_expresmon for t e :e AP
this case of comparable simplicity to that implied by Eq. (8.31) is (Ref, B.1):

gn;iWy (eTVIRT _ 1)
(Te + Th)
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possible was diffused into this thickness to keep the sheet resistivity
low. This created undesirable side effects.

From simple theoretical considerations (Ref. 8.2), a Gaussian
or similar distribution of phosphorus is expected within the silicon
after the high-temperature diffusion step from what is essentially an
infinite source of phosphorus. Figure 8.9(a) is a sketch of the dis-
tribution of electrically active phosphorus, as typically measured
after different diffusion times at fixed diffusion temperature. It
clearly shows an upper limit to the amount of electrically active
phosphorus. This limit equals the solid solubility of phosphorus in
silicon at the diffusion temperature. Phosphorus in excess of this
would be expected to be incorporated into phosphorus-rich precipi-
tates. In regions of such excess phosphorus, minority-carrier life-
times are dramatically reduced.

In a solar cell, regions of excess phosphorus would lie near
the surface of the cell. This can produce a “dead layer” near the sur-
face where light-generated carriers have very little chance of being
collected because of the very low minority-carrier lifetimes. The col-
lection probability corresponding to this situation is shown in Fig.
8.9(b). When this problem was clearly identified (Ref. 8.3), substan-
tial modifications in the cell design were made to produce a high effi-
ciency cell known as the *violet” cell. Much shallower junctions
were used (~0.2 um) and the surface concentration of phosphorus
was kept below the solid solubility limit, eliminating dead layers.
This also reduced the sheet resistivity of the diffused layer, making it

essential to use much closer spacing of the grid lines of the top
contact.

8.5.2 High-Doping Effects

In the heavily doped top region of the cell, minority-carrier
lifetimes would be expected to be low on several accounts, From
Fig. 8.7, Auger recombination would result in low maximum values
for lifetimes in this region. Additionally, the possibility of precipi-
tates and defects in the crystal structure created by the high-tempera-
ture diffusion process would increase the number of centers for re-
combination via trapping levels. This would decrease lifetimes below
the Auger limit,

Another effect of importance in heavily doped regions is the
effective narrowing of the forbidden band gap of the semiconductor
(Ref. 8.4). This will have a major influence on the effective value of
the intrinsic concentration, n;.
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8.5.3 Contribution to Saturation Current
Density

In Sections 8.3 and 8.4, contributions to the saturation cur-
rent density, I;, of the solar cell arising from the properties of the
bulk region were discussed. The heavily doped top layer can also
contribute significantly to this parameter.

Some general comments about the desirable properties of the
top layer to minimize this contribution can be made. For example,
recombination in this region and its associated surface has to be kept
to a minimum. However, because of the multiplicity of effects that
have to be taken into account in heavily doped regions, it is not
straightforward to calculate how this is best accomplished from theo-
retical considerations. Experimentally, for diffused silicon cells, the
minimum contribution to the saturation current density from this
layer lies in the range of 1 to 3 X 1072 A/cm?. Ion-implanted top
layers appear to be capable of giving slightly lower values (Ref. 8.5).

Regardless of how the substrate properties are chosen to min-
imize the substrate contribution to the saturation current density,
the top-layer contribution will provide an upper limit to the maxi-
mum open-circuit voltage that a silicon cell of the type described can
attain. This limit is in the range 600 to 630 mV at standard test con-
ditions. The effect of this limit can be seen by referring to Fig.
8.8(a) and (b). 1t does not allow the full photovoltaic potential of
the substrate material to be utilized. Alternative cell designs are de-
scribed in Chapter 9 which overcome this limitation.

8.6 TOP-CONTACT DESIGN

One important area of cell design is the design of the top metal con-
tact grid. This area becomes increasingly important as the size of in-
dividual cells increases. Figure 8.10 shows some of the diverse ap-
proaches to top contact design which have been used in terrestrial
cells,

There are several power-loss mechanisms associated with the
top contact. The loss due to lateral current flow in the top diffused
layer of the cell has already been described. Additionally, there are
losses due to the series resistance of the metal lines and the contact
resistance between these lines and the semiconductor. Finally, there
are the losses due to the shadowing of the cell by these lines.

In this section, the design of contacts for square or rectangu-
lar cells will be considered. Parallel techniques can be used for cells
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Figure 8.10. Collection of productipn silicon solar cells,
showing diverse approaches to the design of the top contact

to the cell.

of more general shape. For common contact designs, two types of
metallic elements can be identified as indicated in Fig. 8.11(a). Bus-
bars are relatively heavy areas of metallization directly connected to
the external leads to the cell; fingers are finer elements which collect
current for delivery to a busbar. Asshown in Fig. 8.10, there can be
more than one level of fingers in some cell designs. Fingers and bus-
bars are usually either of constant width, linearly tapered, or have

step changes in width.
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A symmetrical contacting scheme such as in Fig. 8.11(a) can
be broken down into unit cells as in Fig. 8.11(b). The maximum
power output of this unit cell can be seen to be given by ABJy, Voo
where AB is the area of the unit cell. Jup and V,,, are the current
density and voltage, respectively, at the maximum power point. The
resistive losses in the fingers and busbars can be calculated using the
integral approach as used to calculate the power loss in the top layer
of the cell in Section 8.2.3. Normalized to the maximum output of
the unit cell, the results are (Ref. 8.6)

1 J, S
ot = By 8 — 8.32
Prr 0 B Pums Vi W ( )
= lAzg J_mll _1_ (8 33)
Pry m Lsmb Vmp WB -

for the fractional resistive power loss in the fingers and busbars, re-
spectively. p,,,, and p,,, are the sheet resistivities of the contact
metal layers for the fingers and busbars. In some cases these will be
identical, whereas in others such as solder-dipped cells, where a
thicker layer builds up over the wider busbar, p,,., will be smaller.
The value of m is 4 if the respective element is linearly tapered and 3
if of uniform width. W and Wy are the average width of the fingers
or busbar lying within the unit cell, and § is the pitch of the fingers
as indicated in Fig. 8.11(b).

The fractiona! power losses due to shadowing by the fingers
and busbar are

Wi

psf = TS,__ (834)
We

Pw =~ (8.35)

Neglecting current flows directly from the semiconductor
to the busbar, the contact resistance loss is due solely to the fin-
gers. The fractional power loss due to this effect Is, as a general
approximation

Joo S
=L (8.36)
Vmp WF

quzpc
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where p, is the specific contact resistance. Contact resistance losses
are not generally an important consideration for silicon cells under
one sun operation. The remaining loss is that due to the lateral cur-
rent flow in the top layer of the cell. In nomalized form, this is
given by Eq. (8.23)

L

Pu = 12 V.,

8? (8.37)

where p, is the sheet resistivity of this layer.

The optimum dimensions of the busbar can be found by sum-
ming Eqs. (8.33) and (8.35) and differentiation with respect to Wy
to find its optimum value (Ref. 8.6). The result is that the optimum
occurs when Wy is such that the resistive loss in the bushar equals its
shadowing loss. This occurs when

I
Wy = AB 1/ Pom. mp (8.38)
m V.,

with the minimum value of fractional power loss given by

Psmp
(Prb + Pusmin = 24 V :’"‘1 o (8.39)
mp

This indicates that power losses are about 13% lower when a tapered
busbar (m = 4) is used rather than a busbar of constant width (m = 3),

The design of the lowest level? of finger metallization is more
complex, because this also determines the lateral loss in the top re-
gion of the cell and the contact resistance losses in the cell. Mathe-
matically, the optimum occurs when the spacing between the fingers
becomes very small to make the lateral loss negligible. The optimum
is then given by the conditions

S—=>0 (8.40)

W, ems + P.m/B? J
r_p l/me p.m/ mp (8.41)
S m Venp

2If there is more than one level of finger metallization, the optimum dimensions
of the higher levels can be found by regarding them as the busbars for the next
lowest level. Note that in this case there will be a different unit cell for each
level of metallization.
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omr + pem/B? J,
(Prr * Per + Pur + P dmmin = 2B ‘/p"’f pem/ V""’
mp

(8.42)

In practice, it will not be possible to obtain this optimum
performance. Each of the technologies for forming the top contacts
previously discussed will place its own limit on how small Wy and
hence § can be while still maintaining acceptable yields in a produc-
tion environment,

In this case the optimum finger design can be realized by a
simple iterative process. Regarding the finger width Wy as fixed at
some minimum value by technological limitations, the optimum
value of 8§ corresponding to this can be found by successive approxi-
mations. At some trial value of 8, the corresponding fractional
power losses D,, D.s, Do, @and py are calculated., A better approxi-
mation to the optimum value can then be calculated as?

Sr(3psf ~ Py ~ pcf)
2(py +Pu)

§" = (8.43)

This process will quickly converge to a constant value corre-
sponding to the optimum. A starting trial value for the optimum can
be found by noting that the value of S calculated from Eq. (8.41)
will be an overestimate. A value equa! to half this should result in a
stable iteration sequence.

The approach, as described above, will allow selection of the
optimum dimensions of busbar and fingers once the gross features of
a particular contact design have been specified. These gross features
might be dictated by considerations other than optimized top-
contact design such as the ease with which cells can be automatically
interconnected. As a rule of thumb, the smaller the unit cell, the
smaller the top-contact loss. Redundant contacts not only improve
maodule reliability but also reduce top-contact losses by reducing the
size of unit cells. If the sheet resistivity of the busbar is less than
that of the fingers, it is best to use a design with long busbars and
short fingers, as in the figure immediately preceding the Preface at
the front of this book, provided that contact-resistance effects are
small. In the case shown, the current-carrying section of the busbars

This equation can be derived by differentiating the expression for the power
loss (P + pey + Py + Pyy) with respect to S, This derivative must equal zero for
the optimum value of §. This optimum S is then found using the Newton itera-
tion scheme (Ref. 8.7) for finding the roots of a nonlinear equation.
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are the metal interconnect ribbons which extend the whole length
of the cell. Even for rectangular cells, it may be worthwhile consid-
ering contact schemes other than the rectilinear ones discussed. For
example, radial contact schemes such as illustrated in Fig. 8.12 can
also give very low overall losses for rectangular cells.

It should be noted in passing that the equations described in
this section are based on certain approximations (Ref. 8.8) regarding
the size of the normalized power losses, the magnitude of resistive
voltage drops, and the direction of current flow, particularly near in-
tersections of fingers and busbars. Also, linear tapers may not be the
optimum shape for busbars or fingers for differently shaped cells
(Ref. 8.9). The effect of these second-order effects may be well
worth checking for situations, such as in concentrating cells, where
contact design is critical.

Problem: Design the top contact for a 10 X 10 em silicon
solar cell. This cell gives its maximum power output at a voltage of
450 mV and a current density of about 30 mA/em?®. The sheet resis-
tivity of the diffused layer in this ceil is 40 Q/01.

Two interconnections per cell are specified. The metalliza-
tion is to be applied by plating and subsequent solder dipping. The
finger width is specified as 150 um. The sheet resistivity of the met-
allization is determined primarily by the solder layer, whose bulk re-
sistivity is 15 uS2-cm. The solder builds up to an average thickness of
42 um over the fingers and 80 um over the wider busbars. The spe-
cific contact resistance between the fingers and the semiconductor is
370 uSt-cm?.

Figure 8.12. Radial contact metallization scheme for a
rectangular cell,
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Solution: In the terminology of this section,

Jpmp =0.03 Afem? Vi =045V
p, = 40 8/0 p. = 870 ufl-cm?
bulk resistivity

Sheet resistivity of solder layers = layer thickness

Therefore,
Pems = 0.00357 /0] Pemp = 0.00188 £2/0

Since Pemp < Pemy» @ contact design with long busbars_and short ﬁx?-
gers is preferable. One suitable for two interconnections per cell. is
shown in Fig. 8.13. This breaks down into four unit cells, each with
A=10cm,B= 2.6 cm.

The optimized dimensions of the busbar can be calculated
from Eq. {(8.38). Using a tapered busbar (m = 4), its optimum width
per unit cell is

—10X 2.5 (0.00188 X 0.03) em = 014 cm
Ws = ' 4 X 0.45 '
L i 1 f
| 125 mmj} | I | .
! ' | | :
___,ﬁ: I | : i
— —
A — 0.15 mm
f1eo,mm! : ——..  Edge of cell
TT P
[ 3mm }
E— Y
= L“ Finger
—| | T
5.6 mm Busbar

Figure 8.13. Contact scheme chosen for the design exam-
ple. The shadowing loss is 10.6% and resistive losses in the
contact and the diffused layer of the cell total 8.6%.
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Since the actual busbar lies in two unit cells, the average bus-
bar width is twice this. Hence, the busbar tapers from the thinnest
value possible to a maximum width of 0.56 cm. The corresponding
fractional power loss is, from Eq. (8.39),

P tP, =0112

The finger width is specified as 150 um (W = 0.015 cm).
Assume that this is a result of {echnical limitations and the finger
cannot be made any finer. With this constraint, a constant width
(m = 3) finger will not be far below optimum. The optimum finger
spacing 8 has to be found iteratively. A starting trial value is found
by dividing the value given by Eq. (8.41) by 2. This gives

§=0.3286 cm D,y =0.0109
P = 0.0456

Po; = 0.0005
Py = 0.0240

Substituting these values into Eq. {8.43) gives the improved trial
solution:

§=0.2962 cm p. = 0.0098 Por = 0.0005
P = 0.0506 Pn = 0.0195
Continuing this for another iteration gives
§=0.2991cm  p;=00099  p, =0.0005
Py = 0.0502 Py =0.0199

Further iteration does not change the value of 8, indicating that an
optimum has been reached. The total fractional power loss due to
the fingers and the top layer resistance is 0.080. The combined
losses in the cell for this contact design is then 19.2% of the intrinsic
output. The complete contact design is specified in Fig. 8.13.

8.7 OPTICAL DESIGN

8.7.1 Antireflection Coating

The principle of a quarter-wavelength antireflection coating is
illustrated in Fig. 8.14. Light reflected from the second interface ar-

rives back at the first interface 180° out of phase with that reflected
from the first interface, canceling it out to some extent,.




/
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Figure 8.14. Interference effects created by a quarter-
wavelength antireflection coating.

The expression for the fraction of the energy in a nqrmally
incident beam of light reflected from the surface of a material cov-
ered by a transparent layer of thickness d, is (Ref. 8.10)

2 2 2
P r3 +r2 +2r,r, cos 20 (8.44)
1+riri+2rr, cos 28

where r; and r, are given by

-n ny —n
r =_n()—l. rs -1 "2 (8.45)
ng +n, n, +n,

where the n; represent the refractive indices of the different layers. 6
is given by

_ 2mn,d,

(8.46)
A
When n,d; = XAy /4, the reflectance has its minimum value:
ny - ngna\°
Roumin = (—;—‘”) (8.47)
ny *npn,

This is zero if the refractive index of the antireflection (AR) coating
is the geometric mean of those of the materials on either side'(n 1=
ngn,). Forasilicon cell in air {(n,; > 3.8), the optimum ref_ractlve in-
dex is the square root of that of silicon (i.e., nop = 1.9). Figure 8.15
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Figure 8.15. Percentage of normally incident light re-
flected from bare silicon and silicon with antireflection
coatings of refractive indices of 1.9 and 2.3 as a function of
wavelength. The thicknesses of the latter coatings are
chosen to produce minimum reflection at 800 nm. The
dashed lines show the effect of encapsulating the silicon
under glass or material of a similar refractive index.

includes a curve showing the percentage of incident light reflected
from silicon as a function of wavelength for an antireflection coating
of this refractive index designed to produce minimum reflection at
600 nm. The weighted average of usable sunlight reflected from sili-
con can be kept to 10% as opposed to over 30% for bare silicon.

Cells are normally encapsulated under glass or embedded in a
material of a similar refractive index to glass (n, ~ 1.5). This in-
creases the optimum value of the index of the AR coating to about
2.3. Reflection from a cell with an AR coating of this refractive in-
dex is also shown in Fig. 8.15, both before and after encapsulation,
The refractive index of a range of materials used in cornmercial solar
cells is listed in Table 8.1. Apart from having the correct refractive
index, the AR material must be transparent. It is usually deposited
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Table 8.1. REFRACTIVE INDICES OF MATERIALS
USED IN SINGLE- OR MULTIPLE-LAYER
ANTIREFLECTION COATINGS

Material Refractive index
MgF, 1.3-14
Si0,; 1.4-1.5
Al; Q3 1.8-1.9
Si0 1.8-1.9
SigN, :1.9
TiO, 2.3
Ta; 05 2.1-2.3
ZnS 2.3-2.4

i ich prevents problems with
as a noncrystalline or amorphous layer which p
light scattrgring at grain boundaries. Layers formed by vacuum evap-
oration generally tend to be absorbing at UV wavelengt%)s.. However,
layers formed by such techniques as oxidizing or anodizing a gepos-
ited metal layer or layers deposited chemically tend to hz?ve a “vitre-
ous” structure (amorphous with short-range order) which reduces
this UV absorption (Ref. 8.11). - . _
The use of multiple layers of AR coating materials can llm-
i i i mplex,
rove performance. The design of such coatings is more co
gut it iz possible to reduce reflection over a broafier band {Ref. 8’3.11).
At least one manufacturer uses a two-layer coating in high efficiency
cells to reduce the reflection of usable sunlight to 4%.

8.7.2 Textured Surfaces

Another approach previously mentioned to red_uce reﬂgc};lon
is to use textured El?rfaces. These are produced by etch}ng t%le sﬂlcop
surface with an etch that etches silicon much more rap__ldly in one di-
rection through the crystal structure than 'another. Thl-s exposes cer-
tain planes within the crystal. The pyramids apparent in Fig. 7.6ﬂa;1e
formed by the intersection of these crystal planes. In tem'ls of Miller
indices (Section 2.2), the silicon surface for text_ured cells is normil]hy
aligned parallel to a {100) plane and the py_ram1ds are formed by. e
intersection of (111) planes. Dilute caustic soda {NaOH) solutions

d selective etch. .
e CO?hn;Oaﬂsgrl:ssi)f the pyramids are C%eﬁ.ned b:{ the orientations of
the crystal planes. These are such that incident ll_ght has at least tw;;l
chances of being coupled into the cell, If.33_% is reflected a!; eac
point of incidence, as is the case for normal incidence on bare silicon,
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the total reflected overall is 0.33 X 0.33, about 11%. If an antireflec-
tion coating is used, reflection of sunlight can be kept well below 3%.
Even without an antireflection coating, the reflection when embed-
ded in a material of refractive index similar to glass is only about 4%.
Another desirable feature is that light is coupled into the silicon at an
angle which ensures that it will be absorbed closer to the surface of
the cell. This will increase the probability of its collection, particu-
larly for the more weakly absorbed long wavelengths,

There are some disadvantages associated with the use of tex-
tured surfaces. One is that more care is required in handling (Ref.
8.12). A second is that such surfaces are much more effective in cou-
pling light of all wavelengths into the cell, including unwanted in-
frared radiation of insufficient photon energy to create electron-hole
pairs. This tends to make the cells “run hotter.” Finally, top con-
tact metallization has to run up and down the sides of the pyramids.
If the height of the metal layer is less than or comparable to that of
the pyramids (~10 um), it follows that two to three times the metal
must be used to maintain the same resistive loss as on a flat surface.

8.8 SPECTRAL RESPONSE

The spectral response of a cell was mentioned in Section 5.5. It is
the output current under short-circuit per unit incident power in
monochromatic light as a function of wavelength, Measurement of
the spectral response can provide detailed information about the de-
sign parameters of any particular solar cell.

Monochromatic light causes electron-hole pairs to be gener-
ated in the semiconductor with a spatial distribution given by

G=(1- R)aNe™~ (8.48)

where N is the incident photon flux, R the fraction reflected, and «
the absorption coefficient. For short wavelengths (UV light), o is
large and light is absorbed quickly upon entering the semiconductor,
as indicated in Fig. 8.16(a). Normal solar cells are not very effective
at collecting light generated near the surface. If a quantum collec-
tion efficiency nq is defined as the number of electrons flowing in
the external short-circuiting lead per incident photon in the mono-
chromatic light, it will be very low for such UV light, as shown in
Fig. 8.16(b). At intermediate wavelengths, o is smaller in value and a
large proportion of the generated carriers are generated in regions
where the collection probability is high. 7, therefore increases.
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i 8.16. (a) Collection probability for a representa-
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generation profiles for three different wavelf:ngths of light.
(b) Corresponding quantum collection ef_ficlency, g, 28 a
function of wavelength. (c) Corresponding spectral sensi-
tivity (A/W), also as a function of wavelength.

Long-wavelength light is absorbed very weakly and only a small pro-
portion is absorbed in the active region of the cell-. ng th_erefore de-
creases, dropping to zero once the photons have insufficient energy
ate electron-hole pairs. ) :
rore Another way of showing the spectral response apz.ar_t frf)m the
quantum yield curve of Fig. 8.16(b) is to plot the sensitivity in A/W
as a function of wavelength, as shown in Fig. 8.16(c). The quantum
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limit is also indicated. At short wavelengths, the cells cannot utilize
all the energy in the photons, so the sensitivity is low, even if operat-
ing ideally.

For ““‘conventional” cells (referring to the type of cell devel-
oped for use in space), the response at short wavelengths is poor due
to the deep junction employed augmented by the absorption in the
AR coating. At long wavelengths, the spectral response is deter-
mined by the diffusion length in the cell material. The violet cell was
a shallow junction cell developed in the early 1970s. The design em-
phasis was on achieving good collection at UV wavelengths by using
the shallower junction and an improved, less absorbing AR coating.
Textured cells demonstrate improved sensitivity to light at all wave-
lengths due to reduced reflection.

A back surface field (BSF) increases the collection probabil-
ity for carriers generated near the back contact and hence boosts the
long-wavelength sensitivity. The back contact to the cell can be de-
signed to be reflective to give the longer wavelengths a second chance
at being absorbed. Such back surface reflectors (BSR) can give quite
a boost to the performance of thin cells, as well as helping to main-
tain low operating temperatures.

8.2 SUMMARY

The design of silicon junction solar cells has evolved from the follow-
ing considerations. The p-n junction has to lie close to the surface of
the cell to give maximum current output. This can lead to problems
due to the lateral resistance of this layer unless it is doped as high as
practical. Excessive doping of this layer introduces effects that cause
its electronic properties to be less than optimal.

The optimum substrate resistivity for a solar cell depends on
whether a back surface field is present. If absent, the optimum resis-
tivity is quite clearly defined at dopant levels in the range 10! to
10'7 em™3. If present, the optimum becomes less dependent on re-
sistivity and is displaced to lower dopant levels,

In the design of the top contact to the cell, the critical param-
eters determining the associated power loss are the contact layout,
the sheet resistivities of the contact metal layer and the diffused top
layer of the cell, and the minimum width line permissible with the
technology used to defined the contact geometry. A quarter-wave-
length antireflection coating can increase the output current of a
solar cell by 35 to 45%. Texturing the cell surface can produce even
better performance, although there are some associated disadvantages,




EXERCISES

8.1. A particular silicon solar cell consists of a very thin, uniformly doped
n-type layer on a p-type substrate. The surface recombmatlol_l veloc-
ity along the surface of the n-type layer is very large. Assuming that
minority-carrier diffusion lengths in the n-type layel_' are very large COH':I-
pared to the thickness of this layer, derive an expression‘for the probabil-
ity of collection of minority carriers as a function of (_llstanoe ge.nerafed
away from the surface in the n-type layer. (Notfe: Since the dxffusmn
length is very large compared to the thickness of the n-type region, re-
combination in bulk of this region will be small and can be neglected
compared to the rate of surface recombination.)

8.2, Calculate the sheet resistivity of the n-type layer in Exercise 8.1 given
that the dopant concentration s 10'® em™ and the thickness of the
layer is 0.5 um.

8.3. Silicon solar cells of conventional structure are fabricated on p-ty‘pe
wafers 150 um thick. Cells with a high recombination back contact give
a short-circuit current of 2.1 A and an open-circuit voltage of 560 mV.
Similar cells with a back surface field give a short-circuit current ‘of 2.2A,
Given that the minority carrier diffusion length in the p-type region after
processing in all cases is 500 um, what would be the ideal value of the
open-cireuit voltage for the cells with a back surface field? .

8.4, Design the top contact for a rectangular silicon so.lar cell 7.5 X 10 em in
size and calculate the total power loss of your design. The sheet res1s_t|v-
ity of the diffused layer in this cell is nominally 60 £/, The Fe" gives
jts maximum power at a voltage of 430 mV and a 1':urrent density of 28
mA/em? under bright sunshine. Three interconnections per cell are spec-
ified, all lying along the same side of the cell. )

The metallization is to be applied by vacuum e\rap?ratmn
through a metal shadow mask. The minimum Iimf wi_dth is specified as
180 um. The metallization consists of a layer of txtanlurrg (0.12 um) ad-
jacent to the silicon separated by a thin layer of palladlu'm {0.02 um)
from a 4-um-thick layer of silver, The specific contact resistance to the
silicon is 200 pf2-cm?. The bulk resistivities of these metals are 48, 11,
and 1.6 u$2-cm, respectively. _
8.5. Consider a cell of given top contact geometry with metall_izatlon and ce.ll
parameters fixed. Show that the relative power loss attributable to this
top contact increases as the cell dimensions increase.

REFERENCES

“ i i f Back-Sur-
8.11 J. G. Fossum et al., “Physics Underlying the Performance of
&1 face-Field Solar Cells,” IEEE Transactions on Electron Devices ED-27

(1980), 785-791.

168

[8.2]

[8.3]

(8.4]

[8.5]

[8.6]

[8.7]

[8.8]

[8.9]

[8.10]

[8.11]

[8.12]

References 169

A. 8. GRovVe, Physics and Technology of Semiconductor Devices (New
York: Wiley, 1967), pp. 44-69.

J. LINDMAYER aND J. F. ALLisoN, Conference Record, 9th IEEE
Photovoltaic Specialists Conference, Silver Spring, Md., 1972, p. 83;
also Comsat Technical Review 3 (1972), 1.

J. G. Fossum, F. A. LiNDHOLM, AND M. A, Suieip, ‘“The Importance
of Surface Recombination and Energy-Bandgap Narrowing in p-n June-
tion Silicon Solar Cells,” IEEE Transactions on Electron Devices ED-
26 (1979), 1294-1298.

d. A Minnucer et al., “Silicon Solar Cells with High Open-Circuit
Voltage,” Conference Record, 14th IEEE Photovoltgic Specialists Con-
ference, San Diego, 1980, pp. 93-96; also IEEE Transactions on Elec-
tron Devices, ED-27 (1980), 802-806.

H. B. SErREZE, “Optimizing Solar Cell Performance by Simultaneous
Consideration of Grid Pattern Design and Interconnect Configurations,”
Conference Record, 13th IEEE Photovollaic Specialists Conference,
Washington, D.C., 1918, pp. 609-614.

C. E. FROBERG, Infroduction to Numerical Analysis (Reading, Mass.:
Addison-Wesley, 1965), p. 19.

A. FLAT anD A. G. MiLnES, “Optimization of Multi-layer Front-

Contact Grid Patterns for Solar Cells,” Solar Energy 23 ( 1979), 289-
299,

G. A. Lanpis, “Optimization of Tapered Busses for Solar Cell Con-
tacts,” Solar Energy 22 (1979), 401-402; R. S. Scharlack, “The Op-
timal Design of Solar Cell Grid Lines,” Solar Energy 23 (1979), 199-
201.

E. 8. HEAVENS, Optical Properties of Thin Solid Films (London: But-
terworths, 1955),

E. Y. WaNG et al., “Optimum Design of Antireflection Coatings for
Silicon Solar Cells,” Conference Record, 10th IEEE Photovoltaic Spe-
cialists Conference, Palo Alto, 1973, p. 168.

M. G. CoLEMAN et al., “Processing Ramifications of Textured Sur-

faces,”” Conference Record, 12th IEEE Photovoltaic Specialists Confer-
ence, Bafon Rouge, 1976, pp. 313-316.






