(12)

Patent Application

(11) Publication nhumber:
(43) Publication date:

SG 178834 A1
27.04.2012

CO09K 13/08, HO1L 31/00;

(21)
(22)
(30)

Application number: 2012011235
Date of filing: 09.09.2010
Priority: US 61/244,090 21.09.2009

(71) Applicant:

(72) Inventor:

BASF SE 67056 LUDWIGSHAFEN DE
GP SOLAR GMBH TURMSTRABE 22
78467 KONSTANZ DE

BRAUN, SIMON GONTARDSTR. 8 68163
MANNHEIM DE

PROLB, JULIAN BENNIGSENSTR. 40
67549 WORMS DE

MELNYK, IHOR
TORKELBERGSTRASSE 25 78465
KONSTANZ DE

MICHEL, MICHAEL HORNSTRASSE 19
10963 BERLIN DE

MATHIJSSEN, STEFAN
ZASIUSSTRASSE 8 78462 KONSTANZ
DE

(54)

(87)

Title:

AQUEOUS ACIDIC ETCHING SOLUTION AND METHOD
FOR TEXTURING THE SURFACE OF SINGLE CRYSTAL
AND POLYCRYSTAL SILICON SUBSTRATES

Abstract:

An aqueous acidic etching solution suitable for texturing the
surface of single crystal and polycrystal silicon substrates and
containing, based on the complete weight of the solution, 3 to
10% by weight of hydrofluoric acid; 10 to 35% by weight of nitric
acid; 5 to 40% by weight of sulfuric acid; and 55 to 82% by
weight of water; a method for texturing the surface of single
crystal and polycrystal silicon substrates comprising the step of
(1) contacting at least one major surface of a substrate with the
said aqueous acidic etching solution; (2) etching the at least one
major surface of the substrate for a time and at a temperature
sufficient to obtain a surface texture consisting of recesses and
protru- sions; and (3) removing the at least one major surface of
the substrate from the contact with the aqueous acidic etching
solution; and a method for manufacturing photovoltaic cells and
solar cells using the said solution and the said texturing method.

This PDF First Page has been artificially created from the Singaporian Absiracts



woO 2011/032880 A1 I 0K 00 IO 00O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization

International Bureau

(43) International Publication Date
24 March 2011 (24.03.2011)

(10) International Publication Number

WO 2011/032880 A1

(51) International Patent Classification: (74) Agent: FITZNER, Uwe; Hauser Ring 10, 40878 Ratin-
CO9K 13/08 (2006.01) HOIL 31/00 (2006.01) gen (DE).
(21) International Application Number: (81) Designated States (unless otherwise indicated, for every
PCT/EP2010/063209 kind of national protection available): AE, AG, AL, AM,
(22) International Filing Date: AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
g . CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
9 September 2010 (09.09.2010) DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(25) Filing Language: English HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
L . KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
(26) Publication Language: Enghsh ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
(30) Priority Data: NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
61/244,090 21 September 2009 (21.09.2009) US SE, 8G, SK, SL, SM, ST, SV, 8Y, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(71) Applicants (for all designated States except US): BASF . L
SE [DE/DE]; 67056 Ludwigshafen (DE). GP SOLAR 84) D.e51gnated. States (unle.ss othemzse indicated, for every
GMBH [DE/DE]; Turmstrafe 22, 78467 Konstanz (DE). kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
(72) Inventors; and ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
(75) Inventors/Applicants (for US ornly): BRAUN, Simon TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
[DE/DE]; Gontardstr. 8, 68163 Mannheim (DE). EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
PROLS, Julian [DE/DE]; Bennigsenstr. 40, 67549 LV, MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK,
Worms (DE). MELNYK, Ihor [UA/DE]; Torkel- SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
bergstrasse 25, 78465 Konstanz (DE). MICHEL, GW, ML, MR, NE, SN, TD, TG).
Michael [DE/DE]; Hornstrasse 19, 10963 Berlin (DE). Published:

MATHIJSSEN, Stefan [DE/DE]; Zasiusstrasse 8, 78462
Konstanz (DE).

with international search report (Art. 21(3))

(54) Title: AQUEOUS ACIDIC ETCHING SOLUTION AND METHOD FOR TEXTURING THE SURFACE OF SINGLE
CRYSTAL AND POLYCRYSTAL SILICON SUBSTRATES

(57) Abstract: An aqueous acidic etching solution suitable for texturing the surface of single crystal and polycrystal silicon sub-
strates and containing, based on the complete weight of the solution, 3 to 10% by weight of hydrofluoric acid; 10 to 35% by
weight of nitric acid; 5 to 40% by weight of sulfuric acid; and 55 to 82% by weight of water; a method for texturing the surface of
single crystal and polycrystal silicon substrates comprising the step of (1) contacting at least one major surface of a substrate with
the said aqueous acidic etching solution; (2) etching the at least one major surface of the substrate for a time and at a temperature
sufficient to obtain a surface texture consisting of recesses and protru- sions; and (3) removing the at least one major surface of the
substrate from the contact with the aqueous acidic etching solution; and a method for manufacturing photovoltaic cells and solar
cells using the said solution and the said texturing method.



10

15

20

25

30

35

WO 2011/032880 PCT/EP2010/063209

Aqueous Acidic Etching Solution and Method for Texturing the Surface of Single Crys-

tal and Polycrystal Silicon Substrates

Field of the Invention

The present invention is directed to a novel aqueous acidic etching solution useful for
texturing the surface of single crystal and polycrystal silicon substrates. Moreover, the
present invention is directed to a novel method for texturing the surface of single crystal
and polycrystal silicon substrates making use of the novel agueous acidic etching solu-

tion.

Cited Documents

The documents cited in the present application are incorporated by reference in their

entirety.

Background of the Invention

Texturing consists in creating a certain roughness at the surface of a substrate in order
to enable multiple reflection of light incident on its surface, thereby leading to greater
absorption of the light inside the substrate, i.e., to an increased light-confining effect.
The roughness obtained in this way has two complementary effects: the first effect is to
reduce the reflecting power or optical reflectivity of the surface; the second effect is to
increase the length of the optical path travelled by the incident light inside the sub-
strate. In a photocell, photovoltaic cell or solar cell, the increased light-confining effect
gives rise to an increase in the effectiveness with which light is transformed into elec-

tricity.

Customarily, the roughness or texture of the surface of a substrate, in particular of a
silicon or silicon alloy substrate or wafer may include randomized pyramids or a multi-
tude of pits having a depth in the range of from 0.1 to 10 ym and a diameter in the

range of from 0.1 to 10 um.

Various methods have been proposed for texturing the surface of the said substrates.
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Mention may be made of methods such as mechanical engraving, laser etching, photo-
lithography, masking, sandblasting, mortizing, anodic oxidation, sputter etching, etc.
However, these methods are complex and expensive to implement (cf. also the interna-

tional patent application WO 01/47032 A1, page 2, line 26, to page 3, line 7).

The single crystal silicon substrates are mainly produced by sawing massive silicon
ingots. However, crystal defects having a depth of several ym are caused by the saw-
ing, which is known in the art as saw damage. Since these crystal defects are centres
for the recombination of electron-hole pairs, it is necessary to remove them by way of a

so-called saw damage etch.

The method of surface texturing presently employed on an industrial scale is character-
ized by the use of aqueous alkaline solutions based on sodium hydroxide or potassium
hydroxide. These solutions have the property of etching silicon anisotropically depend-
ing on the crystallographic orientation of the grains situated at the surface, thereby
modifying the surface morphology of the silicon. Etching speed is about 100 times
greater on planes having the crystallographic orientation [100] than on [111] planes.
This causes the surface to be textured in the form of randomized pyramids situated on
[100] planes that trap the incident light, which effect is referred to as "micro-texturing".
However, for polycrystal silicon substrates, it is estimated that only 20% of the surface
is constituted by grains having this crystallographic orientation. Therefore, the treat-
ment is less effective with respect to optical reflectivity. This equally applies to silicon
substrates manufactured by the edge defined film-fed growth (EFG) process or by the
string ribbon process, which processes do not require sawing (cf. also the international
patent application WO 01/47032 A1, page 1, line 22 to page 2, line 25). Thus, the
treatment is fully effective only in the special case of single crystal silicon substrates

having crystallographic orientation [100] at the surface to be etched.

In order to ameliorate these problems and drawbacks, aqueous acidic etching solutions

and methods of their use have been developed in the past.

Thus, the American patent US 5,949,123 or the European patent EP 0 773 590 B1
disclose an aqueous acidic etching solution containing hydrofluoric acid and nitric acid
in a weight ratio of 1:3. This etching solution is used for creating pores in the silicon

surface thereby creating a porous layer. In a second step, the porous layer is removed
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with an alkaline solution of sodium hydroxide, thereby creating the surface texture. Sul-

furic acid is not used as a component.

The American patent US 6,340,640 B1 or the German patent application DE 197 46
706 A1 disclose an acidic etching solution containing 12 parts by volume of 50% by
weight of hydrofluoric acid, one part by volume of 69% by weight of nitric acid and 12
parts by volume of 85% by weight of phosphoric acid. Instead of the phosphoric acid, a
carboxylic acid having a higher molecular weight than acetic acid can be used. Addi-
tionally, the acidic etching solution can also contain surfactants or ammonium fluoride.

Sulfuric acid is not used as a component.

The international patent application WO 01/47032 A1 discloses acidic etching solutions
containing 1 to 30% by weight of hydrofluoric acid, 5 to 30% by weight of nitric acid and
50 to 94% by weight of sulfuric acid and/or phosphoric acid. The preferred composition
contains 10 to 16% by weight of hydrofluoric acid, 15 to 25% by weight of nitric acid, 15
to 25% by weight of sulfuric acid, 14 to 20% by weight of phosphoric acid and 20 to
30% by weight of water. An even more preferred composition contains 3 to 7% by
weight of hydrofluoric acid, 3 to 7% by weight of nitric acid, 75 to 85% by weight of sul-

furic acid and 5 to 15% by weight of water.

The Japanese patent application JP 2004-063744 discloses a two-step etching proc-
ess, wherein an aqueous acidic etching solution A containing 36 to 42% by weight of
hydrofluoric acid and 6 to 10% by weight of nitric acid and an aqueous acidic etching
solution B containing 32 to 46% by weight of hydrofluoric acid and 2 to 6% by weight of

nitric acid are used. Sulfuric acid is not used as a component.

The American patent US 7,192,885 B2 or the international patent application WO
2004/100244 A1 disclose an aqueous acidic etching solution containing 10 to 40% by
weight of concentrated hydrofluoric acid, 2 to 60% by weight of concentrated nitric acid

and 20 to 55 % by weight of water. Sulfuric acid is not used as a component.

The Japanese patent application JP 2005-311060 discloses an aqueous acidic etching
solution containing 10 to 22% by weight of hydrofluoric acid, 15 to 31% by weight of

nitric acid, the remainder being water. Sulfuric acid is not mentioned as a component.
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The German patent application DE 10 2007 004 060 A1 discloses an aqueous acidic
solution containing 0.8 to 2% by weight of hydrofluoric acid 15 to 40% by weight of ni-
tric acid, 10 to 41% by weight of sulfuric acid, the remainder being 74.2% by weight or
less of water. A preferred solution contains 1 to 1.7% by weight of hydrofluoric acid, 20
to 30% by weight of nitric acid, 18 to 35% by weight of sulfuric acid and 61% by weight
or less of water. A particularly preferred solution contains 1.4% by weight of hydroflu-
oric acid, 27% by weight of nitric acid, 26% by weight of sulfuric acid, and 45.6% by
weight of water. However, this solution is primarily used for the wet chemical edge iso-
lation and, therefore, is used to solve a technical problem which is different from the
problems of the texturing of surfaces . If it is used for this purpose, it exhibits only little

etching power and leads to comparatively smooth surfaces.

Moreover, several commercial aqueous acidic etching solutions are available in the

market.

For example, Spin-Etch™ BT contains 10 to 20% by weight of hydrofluoric acid, 20 to
30% by weight of nitric acid, 15 to 25% by weight of sulfuric acid and 10 to 20% by

weight of phosphoric acid, the remainder being 35% by weight or less of water.

Sl-Polish-Etch™ | contains 5 to 10% by weight of hydrofluoric acid, 36 to 38% by
weight of nitric acid, 9 to 13% by weight of sulfuric acid and 16 to 20% by weight of

phosphoric acid, the remainder being 34% by weight or less of water.

Spin-Etch™ D contains 1 to 7% by weight of hydrofluoric acid, 35 to 45% by weight of
nitric acid, 10 to 20% by weight of sulfuric acid and 15 to 25% by weight of phosphoric

acid, the remainder being 39% by weight or less of water.

Spin-Etch™ E contains 1 to 5% by weight of hydrofluoric acid, 5 to 10% by weight of
nitric acid and 75 to 85% by weight of sulfuric acid, the remainder being 19% by weight

or less of water.

Although these prior art aqueous acidic etching solutions are capable of ameliorating
some of the problems and drawbacks associated with the aqueous alkaline etching
solutions, they require a constant development to improve and balance their applica-
tional property profile in order to meet the demands of the market. In particular, a more

uniform color of the etched silicon substrates or wafers is required for aesthetic rea-
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sons, when the solar cells manufactured with these wafers are to be used in urban ar-
eas. Additionally, the grain boundary etching or defect etching, including the etching of
crystal dislocation clusters, ought to be decreased in order to improve the stability of
the silicon wafers and to lessen the risk of breakage of the silicon wafers and the solar
cells, in particular during production. Last but not least, the efficiencies of the photo-

voltaic cells or solar cells needs constant improvement.

Objects of the Invention

It was an object of the present invention to provide a novel, aqueous acidic etching
solution which is particularly suitable for texturing the surface of single crystal and poly-
crystal silicon substrates or wafers and does no longer exhibit the drawbacks of the

prior art aqueous acidic etching solutions.

In particular, the novel aqueous acidic etching solution should exhibit an improved and
a particularly well-balanced property profile in order to meet the increasing demands of
the solar cells industry and its customers. Furthermore, for aesthetic reasons, a more
uniform color of the etched silicon substrates or wafers and of the solar cells manufac-
tured therefrom should be achieved by way of the novel aqueous acidic etching solu-
tion. Additionally, the novel aqueous acidic etching solution should exhibit a much less
pronounced grain boundary etching or defect etching, including the etching of crystal
dislocation clusters, in order to improve the stability of the silicon wafers and of the
solar cells, in particular during their production and handling. Last but not least, the
novel aqueous acidic etching solution should cause an increase of the efficiencies of
the photovoltaic cells or solar cells manufactured from the silicon wafers textured with

the said solution.

It was another object of the invention to provide a novel method for texturing the sur-
face of single crystal and polycrystal silicon substrates or wafers, which novel method

does no longer exhibit the drawbacks of the prior art methods.

In particular, the novel method should meet the increasing demands of the solar cells
industry and its customers. Furthermore, the novel method should yield etched silicon
substrates or wafers with an improved uniform color so that, in turn, solar cells having
also an improved uniform color can be produced. This is particularly important, when

such solar cells are to be used in urban areas. Additionally, the novel method should
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lead to a much less pronounced grain boundary etching and to a significantly higher
stability of the silicon wafers and of the solar cells produced therefrom, in particular
during their production and handling. Last but not least, the novel method should yield
textured silicon wafers which, in turn, yield photovoltaic cells or solar cells with in-

creased efficiencies.

Summary of the Invention

Accordingly, the novel aqueous acidic etching solution has been found, the said solu-
tion being suitable for texturing the surface of single crystal and polycrystal silicon sub-

strates and containing, based on the complete weight of the solution,

- 3 to 10% by weight of hydrofluoric acid;
- 10 to 35% by weight of nitric acid;

- 5 to 40% by weight of sulfuric acid; and
- 55 to 82% by weight of water.

Hereinafter, the novel aqueous acidic etching solution is referred to as the "etching

solution of the invention".

Moreover, the novel method for texturing the surface of single crystal and polycrystal

silicon substrates has been found, the said method comprising the steps of

(1 contacting at least one major surface of a single crystal or polycrystal silicon
substrate with an aqueous acidic etching solution containing, based on the

complete weight of the solution,

- 3to 10% by weight of hydrofluoric acid;
- 10 to 35% by weight of nitric acid;

- 510 40% by weight of sulfuric acid; and
- 5510 82% by weight of water;

(2) etching the at least one major surface of a single crystal or polycrystal silicon
substrate for a time and at a temperature sufficient to obtain a surface texture

consisting of recesses and protrusions; and
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(3) removing the at least one major surface of the single crystal or polycrystal sili-

con substrate from the contact with the aqueous acidic etching solution.

Hereinafter the novel method for texturing the surface of a single crystal or polycrystal

substrate is referred to as the "method of the invention".

Last but not least, a new method for manufacturing devices generating electricity upon
the exposure to electromagnetic radiation has been found, which makes use of the
etching solution of the invention and the method of the invention and which is hereinaf-

ter referred to as the "manufacturing method of the invention".

Advantages of the Invention

In view of the prior art discussed above, it was surprising and could not be expected by
the skilled artisan that the objects underlying the present invention could be solved by

the etching solution of the invention and the method of the invention.

Thus, it was surprising that the etching solution of the invention no longer exhibited the

drawbacks of the prior art etching solutions.

It was particularly surprising that the etching solution of the invention exhibited an im-
proved and a particularly well-balanced property profile which could perfectly meet the
increasing demands of the solar cells industry and its customers. Furthermore, for aes-
thetic reasons, a more uniform color of the etched silicon substrates or wafers and of
the solar cells manufactured therefrom could be achieved by way of the etching solu-
tion of the invention. Additionally, the etching solution of the invention exhibited a much
less pronounced grain boundary etching which considerably improved the stability of
the silicon wafers and of the solar cells, in particular during their production and han-
dling. Last but not least, the etching solution of the invention caused an increase of the
efficiencies of the photovoltaic cells or solar cells manufactured from the silicon wafers
textured with the etching solution of the invention.

Moreover, it was surprising that the method of the invention no longer exhibited the

drawbacks of the prior art etching solutions.
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It was particular surprising that the method of the invention could meet the increasing
demands of the solar cells industry and its customers. Furthermore, the novel method
yielded etched silicon substrates or wafers with an improved uniform color so that, in
turn, solar cells having also an improved uniform color could be produced. This was
particularly important, as such solar cells are used in urban areas. Additionally, the
method of the invention led to a much less pronounced grain boundary etching or de-
fect etching, including the etching of crystal dislocation clusters, and, therefore, to a
significantly higher stability of the silicon wafers and of the solar cells produced there-
from, in particular during their production and handling.

Last but not least, the method of the invention yielded textured silicon wafers which
were excellently suited for manufacturing mechanically stable devices which generate
electricity upon the exposure to electromagnetic radiation with increased efficiencies, in

particular photovoltaic cells or solar cells.

Detailed Description of the Invention

In its broadest aspect, the present invention is directed to the etching solution of the

invention.

The etching solution of the invention is particularly useful and suitable for texturing the
surface of single crystal and polycrystal silicon substrates, including single crystal and

polycrystal silicon alloy substrates, in particular silicon germanium alloy substrates.

Most preferably, the single crystal and polycrystal silicon substrates are wafers useful
for manufacturing photovoltaic or solar cells. Such wafers can have different sizes.
Preferably, they are 100 to 210 mm square or pseudosquare. Likewise, the thickness

of the wafers can vary. Preferably, the thickness is in the range of 80 to 300 um.

As is known in the art, single crystal and polycrystal silicon wafers can be produced in
accordance with known and customary methods. Thus, single crystal and polycrystal
silicon wafers can be manufactured by cutting silicon ingots or bricks. The single crystal
ingots are e.g. grown with the Czochralski (CZ) method, by slowly pulling a seed shaft
out of molten silicon, which is contained in a fusion furnace. The polycrystalline silicon
can be produced by heating silicon pieces in a crucible just above their melting tem-

perature. This lets the silicon pieces grow together forming a massive silicon block.



10

15

20

25

30

35

WO 2011/032880 PCT/EP2010/063209

This block is cut into bricks. The ingots or bricks are finally cut into wafers with wire
saws. However, as explained hereinbefore, a saw damage etch must be carried out

after the sawing.

After their production, the wafers are customarily checked for breakages and other er-

rors, and are sorted into the solar cell production process.

The virgin etching solution of the invention, i.e., the etching solution of the invention
has produced, contains the essential components hydrofluoric acid, nitric acid, sulfuric
acid and water in the concentrations set out below. The virgin etching solution of the
invention may contain at least one additional functional component. However, it is par-
ticularly preferred that it consists essentially of or consists of the said four essential
components. "Consisting essentially of" means that it contains additional components
only in trace amounts. "Consisting of" means that it contains additional components in

amounts below their limits of detection.

Of course, when the etching solution of the invention is used in the method of the in-
vention, a certain concentration of hexafluorosilicic acid will establish, the hexafluoro-

silicic acid being produced by the texturing and partial dissolution of the silicon.

The etching solution of the invention contains, based on the complete weight of the

solution,

- 3 to 10% by weight of hydrofluoric acid;
- 10 to 35% by weight of nitric acid;

- 5 to 40% by weight of sulfuric acid; and
- 55 to 82% by weight of water.

It is particularly preferred that the molar ratio of hydrofluoric acid to nitric acid in the

said etching solution of the invention is from a 3:1 to 1:3.7.

More preferably, the etching solution of the invention contains, based on the complete

weight of the solution,

- 4 to 7% by weight of hydrofluoric acid;
- 12 to 22% by weight of nitric acid;
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- 12 to 20% by weight of sulfuric acid; and
- 51 to 72% by weight of water.

It is particularly preferred that the molar ratio of hydrofluoric acid to nitric acid in the

said etching solution of the invention is from 1.84:1 to 1:1.75.

Even more preferably, the etching solution of the invention contains, based on the
complete weight of the solution,

- 5 to 7% by weight of hydrofluoric acid;

- 16 to 22% by weight of nitric acid;

- 15 to 19% by weight of sulfuric acid; and
- 52 to 64% by weight of water.

It is particularly preferred that the molar ratio of hydrofluoric acid to nitric in the said

etching solution of the invention acid is from 1.4:1 to 1:1.4.

It is more particularly preferred that the molar ratio of hydrofluoric acid to nitric acid in
the etching solutions described hereinbefore is from 1.2:1 to 1:1.2, even more particu-

larly preferably from 1.1:1 to 1:1.1 and, most preferably, 1:1.

The preparation of the etching solution of the invention does not offer any particularities
but can be carried out by adding hydrofluoric acid, nitric acid and sulfuric acid in the
desired amounts to water. For this purpose, the customary and standard mixing proc-
esses and acid corrosion resistant mixing devices such as agitated vessels, in-line,
dissolvers, high shear impellers, ultrasonic mixers, homogenizer nozzles or counterflow
mixers can be used. Preferably, chemicals of high purity such as HF, HNOs, H>SO4

Selectipur™ or Seluris™ and deionized water are used.

The etching solution of the invention is most excellently suited for texturing the surface
surface of single crystal and polycrystal silicon substrates, in particular the wafers de-
scribed above, in accordance with the method of the invention.

In the first step of the method of the invention, at least one major surface and, prefera-
bly, the two major surfaces lying opposite to each other of the single crystal or poly-

crystal silicon substrate are contacted with the etching solution of the invention.
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This can be accomplished, for example, by dipping at least one silicon substrate in its
entirety either horizontally or vertically in a tank filled with the etching solution of the
invention or by conveying at least one silicon substrate essentially horizontally through
the tank filled with the etching solution of the invention, as described, for example, in
the American patent US 7,192,885 B2.

In the second process step of the method of the invention, the at least one, preferably
one major surface of the substrate is etched for a time and at a temperature sufficient

to obtain the surface texture consisting of recesses and protrusions.

Preferably, the etching time is from 1 to 10 minutes, more preferably from 1 to 7.5 min-

utes and, most preferably, from 1 to 5 minutes.

Preferably, the etching temperature is in the range of from 0 to 50°C, more preferably,

from 0 to 40°C and most preferably from 0 to 30°C.

Preferably, the surface texture obtained consists of a multitude of pits preferably having

a depth in the range of from 0.1 to 15 pm, preferably 0.1 to 10 pm.

More preferably, the pits have a diameter in the range of from 0.1 to 15 um, preferably
0.1 to 10 ym.

Most particularly preferably, the pits have a depth in the range of from 0.1 to 15 pm,
preferably 0.1 to 10 ym and a diameter in the range of from 0.1 to 15 ym, preferably
0.1 to 10 um.

Due to the etching solution, the method of the invention can be carried out compara-

tively fast leading to less breakage of the wafers.

Therefore, the etching solution and the method of the invention are particularly well
suited for the manufacture of mechanically stable devices which generate electricity
upon the exposure to electromagnetic radiation in accordance with the manufacturing
method of the invention. In particular, the electromagnetic radiation concerned is solar

light, and the devices are photovoltaic cells or solar cells.
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The manufacturing method of the invention yields devices, in particular solar cells, of

high efficiencies and a uniform appearance in exceptionally high vyields. .

Examples and Comparative Experiments

Example 1 and Comparative Experiment CE1

Small-Scale Industrial Production of Solar Cells

In the example 1, the virgin aqueous acidic etching solution ("solution 1") consisting of

- 6% by weight of hydrofluoric acid;

- 18.6% by weight of nitric acid;

- 18.8% by weight of sulfuric acid; and
- 62.6% by weight of water

and having a molar ratio of hydrofluoric acid to nitric acid of 1:1 was used.

In the comparative experiment CE1, a virgin aqueous acidic etching solution according
to the American patent US 7,192,885 B2 ("solution CE1") consisting of

- 11.54% by weight of hydrofluoric acid;
- 30% by weight of nitric acid; and
- 58.46% by weight of water

and having a molar ratio of hydrofluoric acid to nitric acid of 1.21:1 was used.

Two small-scale productions of solar cells were carried out in a standard line industrial
machine comprising a wet-texturing station ("InTex"), a diffusion furnace for n-type dop-
ing "Diffusion"), a wet-etching station for removing phosphorus silicate glass (PSG), a
station for applying an antireflective coating by plasma enhanced chemical vapor
deposition ("PE-CVD"), and stations for screenprinting for applying the silver mesh and
the electrical contacts, for the fast firing of the metallization, for the laser edge isolation

and for the classification (hereinafter collectively referred to as "Printing").
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The resulting wafers of each series were processed into complete solar cells, and their

electrical characteristics were determined. The Table 1 shows the obtained results.

Table 1:  The Electrical Characteristics of the Solar Cells of Example 1 and of the

Comparative Experiment CE1

No. of cells Uoc/V Isc/mA/cm? Filling Factor Effeciency
produced FF/% Eff/%
1 1910 0.615 33.59 77.22 15.96
CE1 1874 0.614 33.53 77.11 15.87

The data of the Table 1 demonstrate that the solar cells of the example 1 had a higher

efficiency (0.1%) than the solar cells of the comparative experiment CE1.

Example 2 and Comparative Experiment CE2

Large-Scale Production of Solar Cells

For the example 2, the example 1 was repeated only that the number of solar cells

produced was by approximately two orders of magnitude higher.

For the comparative experiment CE2, the comparative experiment CE1 was repeated

only that the number of solar cells produced was by two orders of magnitude higher.

In order to achieve etching-bath lifetimes of 50,000 and more wafers, it was necessary
to dose the components into the etching-baths. In general, only small amounts of water
needed to be dosed to the etching-baths. It was often not even necessary to add any
water at all because the water included in the added acids was sufficient. Sulfuric acid
was dosed in concentrations similar to the concentrations in the initial etching-baths.
Nitric acid and, in particular, hydrofluoric acid were dosed in concentrations which were
higher than in the initial etching-baths. After processing about 100,000 wafers, the
etching-bath of the example 2 contained about

- 4.2% by weight of hydrofluoric acid;
- 12.2% by weight of nitric acid;
- 12.4% by weight of sulfuric acid;
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- 58.2% by weight of water; and

- 13% by weight of hexafluorosilicic acid,

and the etching-bath of the comparative experiment CE2 contained about

- 6.5% by weight of hydrofluoric acid;

- 26% by weight of nitric acid;

- 54.4% by weight of water; and

- 13.1% by weight of hexafluorosilicic acid,

the weight percentages being based on a complete weight of the respective etching-
bath. In each case, the hexafluorosilicic acid was generated by the texturing and the
partial dissolution of the silicon wafers. It is assumed, that all the dissolved silicon was

present as hexafluorosilicic acid in the etching-baths.

The electrical characteristics of the produced solar cells are compiled in the Table 2.

Table 2:  The Electrical Characteristics of the Solar Cells of the Example 2 and of the
Comparative Experiment CE2
No. of cells Uoc/V Isc/ mA/cm?2 Filling Factor Effeciency
produced FF/% Eff/%
2 98,766 0.616 33.47 76.53 15.8
CE2 100,777 0.615 33.51 76.31 15.7

The data of the Table 2 confirm the results obtained in the example 1 and the compara-
tive experiment CEA1, i.e., the efficiency of the solar cells of the example 2 was higher

than the efficiency of the solar cells of the comparative experiment CE2.

After each of the stations mentioned in the example 1, the breakage rates were deter-
mined and corrected for breakage due to machine errors (e.g. splinters on the printing
sieve). The results obtained from the example 2 are compared with the results obtained
from the comparative experiment CE2 in the Table 3.

Table 3: The Breakage Rates of Wafers of the Example 2 and of the Comparative

Experiment CE2



WO 2011/032880 PCT/EP2010/063209
InTex: Diffusion: PSG: PE-CVD: Printing: Total:

Rate/% Rate /% Rate/% Rate/% Rate/% Rate/%
2 0.189 0.059 0.028 0.092 0.304 0.672
CE2 0.306 0.085 0.024 0.137 0.315 0.867

The comparison of the breakage rates in the Table 3 demonstrates that the manufac-

turing process of the example 2 led to a considerably lower breakage rate.
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We Claim:

An aqueous acidic etching solution suitable for texturing the surface of single
crystal and polycrystal silicon substrates, the said solution containing, based on

the complete weight of the solution,

- 3to 10% by weight of hydrofluoric acid;
- 10 to 35% by weight of nitric acid;

- 51t040% by weight of sulfuric acid; and
- 55to 82% by weight of water.

The aqueous acidic etching solution of claim 1, characterized in that it contains,

based on the complete weight of the solution,

- 41to 7% by weight of hydrofluoric acid;

- 12to 22% by weight of nitric acid;

- 12 to 20% by weight of sulfuric acid; and
- 51to 72% by weight of water.

The aqueous acidic etching solution of claim 1 or 2, characterized in that it con-

tains, based on the complete weight of the solution,

- 51to 7% by weight of hydrofluoric acid;

- 16 to 22% by weight of nitric acid;

- 1510 19% by weight of sulfuric acid; and
- 52 to 64% by weight of water.

The aqueous acidic etching solution of claim 1, characterized in that the molar

ratio of hydrofluoric acid to nitric acid is from a 3:1 to 1:3.7.

The aqueous acidic etching solution of claim 2, characterized in that the molar
ratio of hydrofluoric acid to nitric acid is from 1.84:1 to 1:1 .75.

The aqueous acidic etching solution of claim 3, characterized in that the molar

ratio of hydrofluoric acid to nitric acid is from 1.4:1 to 1:1.4.
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The aqueous acidic etching solution of of anyone of the claims 1 to 6, charac-
terized in that the molar ratio of hydrofluoric acid to nitric acid is from 1.2:1 to
1:1.2.

The aqueous acidic etching solution of anyone of the claims 1 to 7, character-

ized in that it contains hexafluorosilicic acid.

A method for texturing the surface of single crystal and polycrystal silicon sub-

strates comprising the steps of

(1) contacting at least one major surface of a single crystal or polycrystal
silicon substrate with an aqueous acidic etching solution containing,

based on the complete weight of the solution,

- 3to 10% by weight of hydrofluoric acid;
- 10 to 35% by weight of nitric acid;

- 51t040% by weight of sulfuric acid; and
- 55to 82% by weight of water;

(2) etching the at least one major surface of a single crystal or polycrystal sili-
con substrate for a time and at a temperature sufficient to obtain a surface

texture consisting of recesses and protrusions; and

(3) removing the at least one major surface of the single crystal or polycrystal

silicon substrate from the contact with the aqueous acidic etching solution.

The method of claim 9, characterized in that it contains, based on the complete

weight of the solution,

- 4 to 7% by weight of hydrofluoric acid;

- 1210 22% by weight of nitric acid;

- 1210 20% by weight of sulfuric acid; and
- 511to072% by weight of water.
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The method of claim 9 or 10, characterized in that it contains, based on the
complete weight of the solution,

- 510 7% by weight of hydrofluoric acid;

- 16 to 22% by weight of nitric acid;

- 1510 19% by weight of sulfuric acid; and

- 52 1to 64% by weight of water.

The method of claim 9, characterized in that the molar ratio of hydrofluoric acid
to nitric acid is from a 3:1 to 1:3.7.

The method of claim 10, characterized in that the molar ratio of hydrofluoric acid
to nitric acid is from 1.84:1 to 1:1 .75.

The method of claim 11, characterized in that the molar ratio of hydrofluoric acid

to nitric acid is from 1.4:1 to 1:1.4.

The method of anyone of the claims 9 to 11, characterized in that the molar

ratio of hydrofluoric acid to nitric acid is from 1.2:1 to 1:1.2.

The method of anyone of the claims 9 to 15, characterized in that the aqueous

acidic etching solution contains hexafluorosilicic acid.

The method of anyone other claims 9 to 16, characterized in that the two oppo-
site major surfaces of the single crystal or polycrystal silicon substrate are con-

tacted with the aqueous acidic etching solution in the process step (1).

The method of claim 17, characterized in that the contact is effectuated by dip-
ping the single crystal or polycrystal silicon substrate entirely into the aqueous

acidic etching solution in the process step (1).

The method of anyone other claims 9 to 18, characterized in that the at least
one major surface of the single crystal or polycrystal silicon substrate is etched

for 1 to 10 minutes at a temperature of from 0 to 50°C in the process step (2).

The method of anyone of the claims 9 to 19, characterized in that the surface

texture obtained in the process step (2) consists of a multitude of pits having a
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depth in the range of from 0.1 to 15 pm and a diameter in the range of from 0.1
to 15 um

The method of anyone of the claims 18 to 19, characterized in that the single
crystal polycrystal silicon substrate is entirely removed from the aqueous acidic

etching solution in the process step (3).

A method for manufacturing devices generating electricity upon the exposure to
electromagnetic radiation, characterized in that the aqueous acidic etching solu-
tion according to anyone of the claims 1 to 8 and the method for texturing the
surface of single crystal and polycrystal silicon substrates according to anyone

of the claims 9 to 21 are used.

The method of claim 22, characterized in that the devices are photovoltaic cells

and solar cells.

The method of claim 22 or 23, characterized in that the electromagnetic radia-

tion is solar light.
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