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Abstract

A review of the application of porous silicon (PS) in multicrystalline silicon solar cell

processes is given. The di!erent PS formation processes, structural and optical properties of PS

are discussed from the viewpoint of photovoltaics. Special attention is given to the use of PS as

an antire#ection coating in simpli"ed processing schemes and for simple selective emitter

processes as well as to its light trapping and surface passivating capabilities. The optimization

of a PS selective emitter formation results in a 14.1% e$ciency mc-Si cell processed without

texturization, surface passivation or additional ARC deposition. The implementation of a PS

selective emitter into an industrially compatible screenprinted solar cell process is made by both

the chemical and electrochemical method of PS formation. Di!erent kinds of multicrystalline

silicon materials and solar cell processes are used. An e$ciency of 13.2% is achieved on

a 25 cm2 mc-Si solar cell using the electrochemical technique while the e$ciencies in between

12% and 13% are reached for very large (100}164 cm2) commercial mc-Si cells with a PS

emitter formed by chemical method. ( 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

A clear tendency towards simpli"ed processing schemes with low thermal budget

techniques is observable within contemporary crystalline silicon photovoltaic (PV)

research. Selective emitter formation is considered as one of the possible ways to

improve the crystalline silicon solar cell e$ciency [1]. This step becomes especially

important for the case of industrial screenprinted multicrystalline silicon (mc-Si) cells.

In order to fabricate solar cells with screenprinted contacts two requirements should

be ful"lled at the same time: a high surface concentration of the carriers under the

contacts (in order to obtain a low contact resistance) and a deep n`-p junction (in

order to prevent shunts across the junction due to the di!usion of silver from the front

contacts) [2]. However a straight forward application of such emitter results in

a decrease of the short circuit current (I
4#

) and the "ll factor (FF). The only possible

way to overcome these problems is to have an emitter with two distinct regions:

a highly doped and deep region under the "ngers and a lowly doped and thin one

between "ngers. Such an emitter structure can be realized using two di!usion and

photolithography steps but this does not meet the industrial requirements. That is

why a lot of e!ort is put in the "eld of simpli"ed selective emitter processing. One of

them is the so-called self-aligned emitter etch back process based on plasma [3] or

chemical etching [2]. In both the cases an e$ciency between 12% and 13% is

achieved after applying conventional antire#ection coating (ARC).

The recently proposed PS emitter concept based on chemical [4] or electrochemical

etching [5] of the "nished solar cells looks more attractive because it allows to form

a selective emitter and an ARC in one step. Moreover PS has a potential to texturize

[6] and passivate [7] the Si surface. Therefore the single step * formation of

a selective emitter by converting part of it into PS * could simultaneously replace

three other processing steps: texturization, passivation and ARC deposition. This

makes this method of selective emitter formation more industrially applicable and

therefore it needs to be investigated thoroughly.
First application of PS as an ARC for solar cells was made almost 15 yr ago [8] and

since that time di!erent research groups have tested PS material for photovoltaic

devices [5,9}12]. All results point to an improvement of the optical characteristics due
to the reduced re#ectance losses of a PS surface. However su$cient PV characteristics
are not yet obtained. The explanations are rather di!erent: spreading resistance prob-

lem and charge trapping in PS [12], as well as high resistivity of interface PS-contacts

[5] and surface recombination velocity [10]. The general characteristic is a non optimal
solar cell design resulting in 9.2% e$ciency as a maximum e$ciency [10].

The "rst serious attempt to fabricate silicon solar cells with PS ARC is demon-

strated in 1995. Both chemical [4,13] and electrochemical [14,15] methods are used

for the formation of PS ARC on multi- and mono-Si solar cells. In the "rst case an

e$ciency of 10.4% for large area (10]10 cm2) mc-Si solar cell with screenprinted
contacts is obtained using a polymeric "lm for contact protection [13]. In case of the

electrochemical approach for PS ARC formation an e$ciency of 11.5% is reached

without additional ARC deposition for the mc-Si cells with the same area and
contacts [15].
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Further research is to be done to bring the cells with PS ARC up to an industrially

applicable level, "rst of all in term of e$ciency. In order to increase these cell

e$ciencies up to 13}14% (industrial requirements) certain research work should be

done. First of all some fundamental research is needed for a better understanding of

the formation mechanisms and general properties of PS. Then some solar cells

processing steps should be optimized in order to obtain an e!ective selective emitter,

namely: emitter di!usion, metallization and PS ARC formation. Finally these research

results should be incorporated in an industrial mc-Si solar cell fabrication process.

This work is currently in progress and all contributing research groups are in-

volved. The main aim of this paper is to review our latest results on silicon solar cells

with PS selective emitter. Some of these results are published for the "rst time. We will

brie#y describe the fabrication process of PS by both chemical and electrochemical

method as well as structural and optical characteristics of the resulting PS. Then the

main properties of PS ARC for Si solar cells will be discussed in detail. After that the

results of the optimization of a PS selective emitter for silicon solar cells will be

presented. And "nally the current status of di!erent screenprinted mc-Si solar cells

with PS selective emitter will be outlined.

2. Porous silicon formation

In the beginning of the 1950s a lot of research was performed to employ chemical

and electrochemical techniques to remove damaged surface material and/or to polish.

In 1958 Turner [16] reported that Si is electropolished in hydro#uoric acid (HF)

solutions if a critical current density is exceeded. Below the critical current density,

a brown high-resistance "lm forms, which is, in historical perspective, the "rst report

of PS formation. A few years later it was demonstrated that the chemical etching of Si

wafers in HF/HNO
3

aqueous solution without applying any bias results in the

formation of porous layers, quite similar to PS obtained by electrochemical technique

[17]. The porous Si material resulting from an HF/HNO
3
* based mixture is called

stain-etched PS. Since that time the properties of PS are continuously investigated
and recently were summarized in an extended review [18]. We will discuss the

formation conditions and properties of PS from the viewpoint of the photovoltaic

application.

2.1. Electrochemically etched PS

2.1.1. Electrochemical formation process

Normally, Si almost does not dissolve in HF. However, if a current #ows through
the interface between the crystal and the solution, electrochemical etching occurs. This

dissolution is only possible when the current delivers positive charge carriers (holes) to

the interface, which is the case if the Si wafer is the anode of the electrochemical
process (so called anodization). If a high current density is applied, there are many

holes at the surface and the Si dissolution is limited by the di!usion of #uorine ions,

which results in a smoothing of the surface (electropolishing). In the case of a low
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current density, etching is limited by hole di!usion and the pits at the surface will be

enlarged to form pores (porous etching).

The anodization is usually performed in an especially designed single compartment

Te#on cell, using a two-electrode arrangement. The back of the Si wafer is held

strongly to a metallic plate, often using a primary vacuum. The PS formation process

is performed under galvanostatic control, i.e. a constant current density, which is

obtained by regulating the voltage across the two electrodes connected to the

potentiostat. The metallic plate acts as the working electrode while the counter

electrode consists of a platinum wire which is positioned in the electrolyte above the Si

surface which is to be etched. The ohmic contact to the back of the Si wafer as well as

the su$cient conductivity within the wafer and the electrolyte ensure that the

potential drop exists predominantly across the Si/electrolyte interface. In most cases

the electrolyte consists of a mixture of HF and ethanol, in which the ethanol acts as

a wetting agent.

Mesoporous structures with typical dimensions of 10}100 nm result from porous

etching of degenerately-doped p- and n-Si. Hence the porous material which is formed

at the n`-Si emitter surface in solar cells belongs to this category.

2.1.2. Empirical formation rate and resulting morphology

Understanding of the porous silicon formation process and morphology (i.e. the

porous layer thickness and porosity evolution with time) is essential in order to

interpret the porous Si optical and surface passivation properties. From the solar cell

point of view, particular interest exists in the porous morphology if part of the n`-Si

emitter surface is electrochemically etched. For this purpose, porous layers have been

formed on uniformly doped n`-Si emitter structures (realized by chemical vapour

deposition (CVD)) as well as on di!used emitters, having a typical doping pro"le.

CVD-emitter has been proven to be a useful tool to study the formation process

because of the independent control of emitter doping level and junction depth.

In the case of a uniformly doped emitter, the thickness of the porous silicon layer
increases linearly with the formation time as long as the layer thickness is signi"cantly
less than the junction depth. The formation rate decreases if the layer thickness

approaches the junction depth which is understood as due to a collection of positive

charge carriers by the base which competes with the PS formation. The formation rate
decreases with increasing emitter doping level as shown in Fig. 1. Spectroscopic
ellipsometry (SE)analysis on the other hand reveals a higher porosity when increasing

the emitter doping level [19]. This increase in formation rate is linked to the porosity

decrease through the electrochemical porous silicon formation which is performed

under galvanostatic control. The porous silicon formation process is described as
a process for which the dissolution of one Si-atom (in the porous etching regime) goes

ahead with the exchange of two electrons in the external circuit. Hence applying

a certain formation time, at a "xed current density, will in all circumstances lead to the
same number of dissolved Si-atoms. At a constant current density, the porous layer

thickness will therefore increase slowly in the case of high porosity since more

Si-atoms need to be dissolved to obtain a certain porous layer thickness. As a result, in
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Fig. 1. Formation time dependence of the total layer thickness for various doping levels of the n`-CVD

layer. The initial thickness of the CVD layer is 5 lm, unless indicated otherwise. The data for the di!used

emitter are added for comparison.

Fig. 2. XTEM-images of the PS layer grown on the di!used emitter for (a) 30 s; (b) 60 s; (c) 72 s and (d) 96 s.

the case of a di!used emitter, the continuously changing emitter doping level gives rise
to a porosity gradient (Fig. 2) which on its turn slightly a!ects the empirical porous Si
formation rate. The observations remain valid in the case of multicrystalline Si, except

for an increased spread on the averages, which re#ects the fact that the porous Si

formation process exhibits some grain dependent properties.

2.1.3. Optical properties of anodically etched PS

A typical ARC behaviour is observed, with interference fringes and a number of

extremes which increases with layer thickness. Fig. 3 illustrates the e!ect of an
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Fig. 3. Total re#ectivity as a function of wavelength measured on the two S1 0 0T and S1 1 1T oriented

grains of an n`-p multicrystalline Si junction without a PS layer (Ref) and with a PS layer (PS).

electrochemically etched porous layer on di!erently orientated grains (S1 0 0T and

S1 1 1T) after alkaline texturization. In both cases the presence of the porous layer

introduces a `single-minimuma re#ectance behaviour, which is typical for an ARC.

Whereas for a textured S1 0 0T grain the total re#ectance remains virtually the same

after porous Si formation, the total re#ectance signi"cantly reduces in the case of

a textured S1 1 1T grain. Hence the presence of a porous Si layer partially works away

the di!erences in re#ectivity which exist from grain to grain on multicrystalline

materials after an alkaline texturization.

The crystallographic orientation of various grains of the wafer is deduced from the

morphology of their surface after NaOH texturization, observed using scanning

electron microscopy (SEM). The surface microstructures of two S1 0 0T and S1 1 1T

oriented selected grains are characterized by the presence of pyramids and #at
triangles, respectively [20]. Fig. 3 shows the total re#ectivity (R) as a function of

wavelength for the two grains with and without a PS layer. Due to the presence of the

pyramids which are known to trap e$ciently the light, the re#ectivity of the S1 0 0T
grain without a PS layer is much lower than the one of the S1 1 1T oriented grain
whose texturized surface exhibiting #at triangles does not trap the light at all. The

presence of a PS layer slightly modi"es the re#ectivity of the S1 0 0T grain, whereas it

dramatically decreases the re#ectivity of the S1 1 1T grain. The integral re#ectance, R,
de"ned as:

R"P
1100

400

R(j)J
0
(j)djNP

1100

400

J
0
(j)dj,

(with R the re#ectivity and J
0

the solar #ux under AM 1.5 standard conditions) are

reported in Table 1 for the two grains. The smallest calculated e!ective re#ectance is
obtained for the S1 0 0T grain, subjected to a NaOH texturization only, whereas

surprisingly the presence of a PS layer slightly increases R
E&&

. In the case of the S1 1 1T
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Table 1

E!ective re#ectivity for the S1 0 0T and S1 1 1T grains with and without a PS layer

S1 0 0T oriented grain S1 1 1T oriented grain

Ref With a PS layer Ref With a PS layer

E!ective re#ectivity % 12.4 15 35.5 19

grain addition of a PS layer dramatically decreases the re#ectivity from 35.5% to 19%

without and with PS, respectively. Therefore electrochemical etching results in

the decrease of the initial di!erence between S1 0 0T and S1 1 1T oriented grains and

leads to the formation of an uniform ARC layer on a textured multicrystalline Si

surface [21].

The porous Si layer with a certain range of thicknesses (100}160 nm) on top of the

cell structure absorbs a part of the incident light. Due to the porous morphology and

its observed high electrical resistivity, the photogenerated carriers are considered to be

lost (because of recombination before they can reach the underlying active solar cell).

As a result, the part of the incident light which is absorbed in the porous layer does not

contribute to photogeneration in the active solar cell. This absorption in the PS layer

gives rise to a current loss of approximately 0.5 mA/cm2 for a PS with a thickness

(80}100 nm), which is optimal for ARC purpose.

2.2. Stain etched porous Si

At present it is generally accepted that chemical etching of Si surface in HF/HNO
3

based solution can be considered as a localized electrochemical process. The silicon

surface is oxidized by hole injection from HNO
3

and then it is etched by a reaction
with HF in a similar way as it is done in the electrochemical process. The overall

chemical reaction on the Si surface can be described as:

3Si#4HNO
3
#18HFP3H

2
SiF

6
#4NO#8H

2
O

#3(4!n)h`#3(4!n)e~,

where n is the average number of holes required for dissolution of one Si atom [22].
The main di!erence between these two techniques is that stain etching is a self-

regulating process and strongly depends on the initial solution content. In the stain

etching process HNO
3

plays the same role as the anodic current density in the

electrochemical one. That means that an HNO
3

-rich chemical mixture corresponds
to the high-current regime in the electrochemical dissolution while an HF-rich

solution results in a process that is limited by the availability of holes and gives rise to

stain etching corresponding to the low-current regime in the case of electrochemical
process. That is why the HNO

3
content in the starting solution is the most important

parameter for stain etching. Other parameters a!ecting the stain etched PS properties
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Fig. 4. Cross sectional TEM micrographs of stain etched PS, prepared in a di!erent condition: top* 17 s,

HNO
3
"0.024 mol/l; bottom* 55 s, HNO

3
"0.006 mol/l. Experimental measurements were taken every

10 nm, and the surface lines are mere guidelines for the eye.

are the following: duration, illumination and temperature during the process, doping

level and morphology of the initial Si surface.

2.2.1. Structural properties of stain etched PS

Electron microscopic observations show that stain etched PS is quite similar to

anodical PS but with some distinct di!erences [23]. Cross sectional Transmission

Electron Microscopy (TEM) micrographs in Fig. 4 show that the PS layers are

typically characterized by a graded transition from bulk to a shallow high porosity

region, with single crystalline Si "laments, embedded in a low density amorphous

matrix [24]. The HREM observations show that very di!erent morphologies can be

obtained, changing HNO
3

content and etching time. PS was prepared on a polished

S1 0 0T Si surface, under di!erent formation conditions. As can be seen from Fig. 4,

the di!erence between single crystal domain dimensions may achieve an order of

magnitude and strongly depends on formation conditions. An increasing of HNO
3

content leads to the decrease of microcrystallities and an increase of pore size. As

a result, the PS prepared in the solution with the highest nitric acid concentration

shows a sharp transition between the bulk and a highly wide porosity region, while
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Fig. 5. Porosity pro"les for di!erent formation conditions: (A) textured substrate, HNO
3
"0.048 mol/l,

t"20 s; (B) textured substrate, HNO
3
"0.024 mol/l, t"50 s; (C) polished S1 0 0T substrate,

HNO
3
"0.024 mol/l, t"17 s; (D) polished S1 0 0T substrate, HNO

3
"0.006 mol/l, t"55 s;

when a lower concentration of HNO
3

are used in the solution, a rather smooth

transition is observed.

This fact is fully con"rmed by porosity pro"les of the PS layers as plotted on Fig.

5 for di!erent formation conditions. The porosity is deduced from re#ectance spectra

by the Bruggemann E!ective Medium Approximation describing PS as composed of

crystalline silicon and air [25]. The air volume fraction (i.e. the porosity) is zero in the

bulk and increases towards the "lm/air interface. As follows from Fig. 5, the increase

of HNO
3

content results in an increased porosity. Moreover, it is clearly seen that the

PS formation rate is proportional to the concentration of nitric acid in the solution.

Increase of HNO
3

content by four times results in an increase of growth rate by
almost two times. This means that an appropriate growth rate of PS can be obtained

in stain etching process by choosing a certain chemical solution. Therefore PS with

a wide range of properties can be obtained by stain etching: porosity from 20% to
100% and the thickness from a few nm to hundreds nm.

2.2.2. Optical properties of stain etched PS

Optical properties of stain etched PS are also strongly dependent on the etching
process parameters: chemical solution, duration, temperature and illumination. In

order to reduce the number of parameters, all experiments described in this paper are

carried out at room temperature and under laboratory background illumination. In
the case of stain etching it is di$cult to separate the e!ect of chemical composition

and duration of the process on PS characteristics, since the nitric acid concentration

in the chemical solution a!ects both the porosity of PS as well as the formation rate of
PS. Therefore the most important technological parameter should be a function of the

chemical composition as well as of the process duration. This is the so-called Ct

parameter, where C is the HF/HNO
3

ratio and t is the etching time [4,26]. This
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Fig. 7. Re#ectance characteristics of PS layers resulting from three di!erent preparation conditions given

by the Ct parameter, where C"Const.

Fig. 6. Re#ectance characteristics of PS layers resulting from three di!erent preparation conditions given

by the Ct parameter, where t"Const.

technological parameter allows to set the PS layer thickness to a "xed value indepen-

dent of the process [24].

The re#ectance characteristics of mc-Si wafers with PS prepared by stain etching for

various Ct parameters are depicted in Figs. 6 and 7. Fig. 6 shows the re#ectance

characteristics of PS prepared by etching in di!erent solutions for a "xed time, while

Fig. 7 shows the re#ectance characteristics of PS etched for di!erent durations a "xed

solution. As follows from the re#ectance characteristics, the duration of the etching

a!ects the location of the minimum of the re#ectance, while the HNO
3

content mainly

a!ects this minimum value [24,26].

The refractive index of PS depends on its porosity. However, as stated in the

previous section, the porosity of PS has a gradient in depth and it is very di$cult to

determine exactly the refractive index of PS, especially in the case of multicrystalline
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Fig. 8. Measured IQE-data for conventional cell structures with a mirror-polished and a porous top

surface. The increase of the IQE in the 800}1000 nm wavelength range is attributed to the light di!using

behaviour of PS.

Si. Variations of the refractive index are possible in the range of 1.5 to 2.2 depending

on the Ct parameter, as it shown in [26].

3. Porous silicon in solar cell processing

3.1. Major properties of PS ARC

Improved light trapping and a lower surface recombination velocity are crucial for

crystalline Si cell structures with thin active regions. A PS layer on top of a Si solar cell

might act as an ARC because of its refractive index which depends on the porosity and

morphology and which can be close to the optimal one of an ARC for Si solar cell.

Furthermore, the incoming light might be scattered due to interaction with PS

structure. Finally the PS structure generally is assumed to give rise to quantum

con"nement and an increased bandgap. The wide bandgap of PS might be useful to

establish a minority carrier mirror, which could contribute to surface passivation.

Therefore a well-founded judgement about PS bene"ts in such cell structures requires

a detailed investigation of both the light di!using behavior and surface passivation

capabilities of PS.

3.1.1. Light diwusing behavior of PS ARC

A signi"cant increase of the internal quantum e$ciency (IQE) in the long

wavelength range (red response) is observed when a porous surface layer is present on

top of a conventional silicon solar cell structure (Fig. 8) [27]. A linear relation exists

between the measured IQE and the absorption depth (1/a), in which the slope is

determined by both the entrance angle (h) of the light entering the cell structure and

the e!ective bulk di!usion length ¸
%&&

. An `e!ectivea entrance angle of 603 is found for

the light entering the cell structure after passing through a 160 nm porous surface
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Fig. 9. FTIR-spectra of mc-Si samples with di!erent R
4
covered by stain etched PS. (18 )/h* dotted line;

28 )/h * solid line)

layer, which means that the light is fully randomized due to the scattering behaviour

of the random PS medium (Fig. 8). This di!erence in entrance angle for the mirror-

polished and porous Si surface cell explains the signi"cant change in IQE. Due to the

light-di!using behaviour of porous Si, more light is absorbed closer to the p}n

junction. This results in a higher collection e$ciency and hence an increased internal

quantum e$ciency. It should be noted that this light di!using property of PS depends

on the PS layer thickness and is less pronounced for an optimal PS ARC layer

(80}100 nm) [28].

Recently a model for light propagation in porous silicon has been developed [29]

based on the random-medium theory. The specular and the di!use part of the light

can be determined and treated separately. This analysis points to a scattering behav-

iour which is stronger in the forward direction, i.e. transmission, than in the reverse

way, i.e. re#ection. In this way the modelling is consistent with the experimental
observation of a rather specular re#ectance behaviour in combination with a light
di!using action for the transmitted light.

3.1.2. Surface passivating capabilities of PS ARC

It is well known that a large number of Si-hydrides as well as Si-hydroxides forms
during PS growth [23]. Some of them can quite well passivate the Si/PS interface. The

typical Fourier transform infrared (FTIR) spectra of n`-p mc-Si samples with initial

sheet resistance (R
4
) of 18 and 28 )/h covered by stain etched PS are plotted in Fig. 9.

Most of the peaks are the same as observed for electrochemical PS. The identi"cation
of the peaks is given elsewhere [30]. The intensity of the Si}H stretching mode in the

stretch region (2100 cm~1) shows the quality of passivation. This stretch hydrogen

signal is quite comparable to Si}H signals of bending region (630 cm~1) that means
that the Si surface can be relatively well passivated after PS formation. This claim has

been checked by microwave-detected photo-conductivity (PCD) analysis (Fig. 10)

[31]. The whole surface of a 10]10 cm2 mc-Si wafer is tested in 100 points before and
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Fig. 10. PCD-analysis of lifetime of stain etched PS using a 523 nm laser illumination and microwave

detection at 13.56 MHz [29].

after PS formation. It should be noted that the lifetime (q
%&&

) measurement of the

sample with a PS surface is carried out approximately 1 month after the PS formation.

This result shows that a slight improvement of q
%&&

(&20%) remains after an air

exposure for a long time.

The same technique has been applied to derive the e!ective minority carrier lifetime

for an electrochemically formed PS on a mono-Si surface. Immediately after PS

formation, q
%&&

is signi"cantly higher when porous surface is present, but it has to be

stressed that a comparison is made with an unpassivated surface of which the surface

recombination velocity approaches the thermal velocity 2]107 cm/s (Fig. 11). After

that q
%&&

exhibits a certain degradation during ageing in ambient and after a few days

shows nearly the same relative improvement as in the case of stain etched PS. In both

cases a PCD analysis clearly indicates that PS has some passivating capabilities which
need to be improved by further optimization of PS formation or by external treat-
ments.

Therefore di!erent PS treatments [32,33] have been investigated with the aim of

maintaining the light di!using property while both the absorption losses are reduced
and surface passivation is improved and stabilized. Rapid thermal oxidation (RTO),
nitridation and anodic oxidation have been selected as potentially interesting path-

ways to chemically modify the electrochemically formed PS with a low thermal

budget in common.

3.1.3. Low-thermal-budget treatments of electrochemically etched PS

Oxygen is incorporated in PS when stored in ambient (ageing) giving rise to the

uncontrolled presence of suboxides, approaching a SiO
2

stoechiometry in the outer
region. This leads to an unstable surface passivation of a porous surface layer in

a crystalline Si solar cell and a recombination velocity of approximately 5]105 cm2

as extracted from IQE data [27]. Furthermore some light is lost due to absorption in
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Fig. 11. PCD-analysis of lifetime of electrochemically etched PS using a 1047 nm laser illumination and

microwave detection at 22 MHz [26].

the porous layer. Anodic oxidation gives rise to the uniform presence of a silicon oxide

layer on the pore walls while the porous structure remains largely intact. On the solar

cell level however, this PS modi"cation technique does not result in a pronounced
improvement of the blue response while the red response remains unaltered.

Rapid thermal oxidation of PS converts the material into a low-porosity SiO
2
. This

mixed-medium structure still gives rise to light di!usion of the transmitted light. Light
absorption is virtually absent in this oxidized surface layer. No improvement of the
surface passivation is observed for RTO treatments except for temperatures '9503C.

This passivation e!ect originates from a simultaneous oxidation of the Si bulk

underneath which leads to the creation of an intermediate oxide at the PS/Si interface.
The plasma nitridation of PS is able to incorporate nitrogen uniformly throughout

the porous layer while preserving its porous nature. The e!ects of the nitridation are

not limited to the PS surface atoms only, but also a!ect the inner Si-atoms. The e!ects

of rapid thermal oxidation and nitridation on PS structure are shown in Figs. 12

and 13.
In all the three cases, important drawbacks are the presence of an additional

process step as well as the fact that the refractive index decreases which is unfavour-

able from the viewpoint of ARC-properties. One might compensate this decrease in
refractive index by increasing the initial PS refractive index through a lower porosity.
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Fig. 12. XTEM of: (a) initial PS; (b) a porous layer after RTO (8503C; 30 s) and (c) after RT nitridation.

Fig. 13. (A) XPS spectra of PS recorded after di!erent etch times, revealing SiO
2

in the outer region (peak

at 103.5 eV) and the presence of suboxides in the inner region (shoulder to the 99.9 eV Si-peak); (B) XPS

spectra (97}112 eV) of PS after RTO (8503C * 60 s) recorded after di!erent etch times, revealing a pure

SiO
2

spectrum and the elemental Si peak of the underlying Si substrate; (C) XPS depth pro"le of

DP-nitrided PS.

However lowering the porosity is directly linked with a decreased internal surface area

and hence a lower reactivity of the porous material.

3.2. Optimization of mc-Si solar cells with porous Si selective emitter

3.2.1. Cell processing sequence

As mentioned already, a signi"cant research e!ort was put into the search for
a simple porous etch to obtain simultaneously an e!ective ARC and a selective emitter

structure [26,34}36]. Both the chemical and electrochemical formation methods are

currently under investigation by di!erent research groups because no clear-cut argu-
ments to decide on one or another technique are now available [37]. The typical

process sequence results in a selective emitter structure because PS is formed after

front-side metallization. A general tendency throughout the results is an increased

J
4#

due to the re#ectivity reduction by PS ARC. The <
0#

of such cells can slightly

increase or decrease depending on initial emitter structure. As a result an e$ciency
around 13% is reported for the pre-textured cells with non-optimal PS emitter

R.R. Bilyalov et al. / Solar Energy Materials & Solar Cells 60 (2000) 391}420 405



Fig. 14. Solar cell process sequence for PS selective emitter formation.

structure. One of the advantages of PS formation is the possibility of simultaneously
texturizing the Si surface [30,38,39] and therefore texturization can be skipped in the

cell processing. Passivation capabilities of PS has been already discussed and as it

follows from Section 3.1.2., PS layer provides slight passivation which is quite enough
for mc-Si material, because the characteristics of mc-Si solar cells are mainly deter-
mined by the quality of bulk of mc-Si material. As shown in Fig. 14, the process

sequence for fabrication of solar cell with PS selective emitter is much simpler than the

conventional one.
There are a number of advantages of such selective processing:

f Heavy and deep phosphorus di!usion is bene"cial for impurity gettering.

f The surface is uniformly textured after n-p junction formation.

f No surface passivation is applied.
f No additional ARC deposition is required.
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Fig. 15. Re#ectance characteristics of non-textured mc-Si wafer after PS formation and pre-textured mc-Si

wafer with double layer ARC.

To realize a strongly simpli"ed processing scheme, two main requirements are put

forward: (i) optimize the PS layer to replace the conventional texturization, passiva-

tion and ARC deposition and (ii) optimize the initial emitter in order to avoid losses in

I
4#

and <
0#

.

3.2.2. Optimization of PS layer

In the optimization experiments the chemical PS formation method was used

because of its simplicity and e!ectiveness. The most commonly used solutions for

formation of stain etched PS are HF/HNO
3
/H

2
O and HF/HNO

3
/CH

3
COOH.

Acetic acid and water basically do not participate in the reaction except for reduc-

ing/increasing the main reactant concentration. Also acetic acid wets silicon surface,

but in the case of a surface with many defect sites (mc-Si material) on which the

chemical reaction is started, it is not necessary to have a wetting ingredient in

a solution. Therefore the aqueous solution is choosen because of cost considerations.

The optimization of the HNO
3

content in the chemical solution leads to the forma-

tion of a microstructure on the surface for all kinds of mc-Si materials with macro-

elevations covered by a nanoporous layer as it occurs by acid texturization [38,39].

The Si surface textured in such a way has a very low re#ectance, quite comparable

to with re#ectance of an alkaline textured Si covered by double-layer ARC. These

re#ectance characteristics are plotted in Fig. 15. The integral re#ectance in the

wavelength range 300}1000 nm is decreased after etching from 38}39% to 5}6%

depending on the type of mc-Si materials. The optimal PS providing the best

re#ectance is found to have a thickness of about 100}120 nm, a porosity of about 65%

and a refractive index of about 1.9. The stain etching process for such PS formation is
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characterized by Ct equal to 120. More detailed information concerning the optimal

stain etching process can be found elsewhere [40]. A comparison of the optimal PS

ARC formed on non-textured mc-Si surface and conventional double-layer ARC

formed on alkaline textured mc-Si surface shows some advantages of the "rst one.

First of all, stain etched PS is formed uniformly on the whole area of the mc-Si wafer

almost independently of the grain orientation, while conventional alkaline texturing

only works well in the case of mono-Si. Secondly, the re#ectance of stain etched PS is

signi"cantly higher in the infrared region (which avoids the detrimental heating of the

cell) and signi"cantly lower in the short wavelength region.

As has been shown in Section 3.1.2., at certain conditions PS layer can provide

slight passivation of the surface. As follows from Fig. 10, the hydrogen signal from

both stretch and bending regions is signi"cantly lower in the samples with highly

doped emitter. PCD analysis shows a slight increase of e!ective lifetime that probably

can be improved by further optimization [41].

Taking into account the light di!using behavior of PS, it can be concluded that PS

with the optimal thickness, porosity and refractive index provides an excellent

re#ectance and appropriate passivation for all kinds of mc-Si materials [30]. There-

fore PS layer at certain conditions could replace three conventional technological

steps in solar cell processing: texturization, passivation and ARC deposition.

3.2.3. Optimization of selective emitter

Rather high emitter doping levels are applied industrially, normally resulting in the

presence of a dead layer at the emitter surface. Light absorbed in this region is

considered to be lost because photogenerated carriers will recombine before being

collected by the p}n junction, due to the small di!usion length associated to high

doping levels [27]. The conversion of the highly doped region between the "nger

contacts into PS results in a lower surface concentration, but such an emitter requires

a very e!ective passivating layer (more e!ective than provided by existing PS).

Another emitter parameter, the thickness, should be optimized as well taking into
account the following facts: the initial emitter should be rather thick in order to allow

PS formation and screen printed contacts. On the other hand, such an emitter should

be rather thin to provide an appropriate value of J
4#

. The establishment of the
compromise between doping pro"le and the thickness of the emitter is the main goal
of the PS selective emitter optimization.

The optimization of the initial emitter is started by an optimization of the doping

level. With this aim 16 groups of the cells with di!erent sheet resistance are fabricated
using a post-di!usion etch-back process [26]. Then PS layers are formed by stain
etching under optimal conditions, as discussed in the previous section. The distribu-

tion of J
4#

as well as the increment of J
4#

after PS ARC formation as a function of

emitter sheet resistance are plotted in Fig. 16. This "rst test indicates that R
4

of
the initial emitter should not exceed 35 )/h in order to obtain an appropriate value

of the J
4#

.

Further optimizations are made using the electrochemical C}V technique [30]. PS

is formed on the mc-Si samples with deep and highly doped emitters with three

di!erent R
4
: 18}20, 28}30, and 33}35 )/h. The carrier concentration pro"les before
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Fig. 16. J
4#

and increment in J
4#

of the cell after PS ARC formation in dependeing on emitter sheet

resistance.

and after PS formation are presented in Fig. 17. In order to obtain the desirable value

of an R
4
of no more than 100 )/h for the "nished thick emitter (with PS),the R

4
of the

initial emitter (without PS) should not exceed 30 )/h. The optimum for mc-Si solar

cells with PS selective emitter is found to be a sheet resistance 100 )/h and a thickness

of 0.65 lm. Such an emitter provides a highly doped region under the contacts and an

optimal carrier concentration in between the "ngers such that no additional passiva-

tion is required. The thickness of such an emitter allows to "re screenprinted contacts,

to have a high <
0#

and simultaneously to avoid losses in J
4#

due to absorption of the
free carriers.

3.2.4. Solar cells with an optimal PS selective emitter

The solar cells with an area of 5]5 cm2 are fabricated on non-textured wafers from
three di!erent mc-Si materials by a very simple technology, consisting of three main

steps, as it shown on Fig. 14. After formation of a deep and highly doped n`` emitter

layer with the resistivity of 28 )/h by thermal phosphorus di!usion, wafers are
metallized by evaporation of Ti/Pd/Ag contacts on the front and Al on the back-side.
In order to improve the quality of mc-Si materials, all samples are hydrogenated by

remote plasma technique, which has been found as a most e!ective method of bulk

passivation of mc-Si [42]. After that the cells are etched in HF/HNO
3

aqueous

solution for a few seconds to form PS selective emitter as described in [40].
The I}< characteristics of these cells are plotted in Fig. 18. The e$ciency of the cells

shows the dependence on initial quality of mc-Si material. The solar cell with a PS

selective emitter fabricated on mc-Si Eurosolare demonstrates a high e$ciency as
compared to those of Baysix and EMC materials.
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Fig. 17. Carrier concentration pro"les of the emitters with di!erent R
4

before and after PS formation.

Fig. 18. I}< characteristics of solar cells with PS selective emitter proceeded on the di!erent mc-Si

materials under AM 1.5 spectrum as measured at Fraunhofer-ISE [28].

The output PV parameters of these solar cells are summarized in Table 2. Optim-

ization of the PS formation conditions and initial emitter parameters results in
a J

4#
increase of almost 40%, as well as a<

0#
increase of about 4}6 mV. Absolutely no

degradation of front contacts and FF is observed, although the cells are not protected

during stain etching.

The e$ciency of 14% on the mc-Si (25 cm2) cell with a PS selective emitter without

applying texturization, passivation or an additional ARC deposition shows the large
potential of PS in silicon solar cell technology.

3.3. Screen printed mc-Si solar cells with PS emitter

As was shown in the previous section, the e$ciency of 13}14% for the mc-Si solar
cells with a PS emitter fabricated by a very simple technology (without texturization,
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Table 2

PV output parameters of 5]5 cm2 mc-Si solar cells with PS selective emitter as measured under AM 1.5

spectrum

mc-Si material J
4#

(mA/cm2) <
0#

(mV) FF EFF (%)

Eurosolare 29.13 609.3 0.797 14.1

Baysix 28.45 590.0 0.789 13.2

EMC 28.19 584.4 0.788 13.0

BSF-formation, surface passivation and additional ARC deposition) gives hope that

this cell design could be successfully applied in commercial cells. However, in order to

meet the industrial requirements, PS ARC should be fabricated on the large-area

mc-Si cells with screenprinted contacts. Ag-screenprinted contacts are more degraded

after exposure in HF-based solution than Ti/Pd/Ag evaporated ones. Both chemical

[43,44] and electrochemical [20] methods of PS formation were successfully applied

for commercial cells. Each method has some advantages and drawbacks from the

viewpoint of industrial application. The electrochemical method allows a better

control while stain etching is more suitable for large scale production. Since no clear

arguments for one or another techniques are available, the results on the implementa-

tion of both methods in industrial mc-Si cell processing are presented in the next

sections.

3.3.1. Chemical method

Two research groups independently try to implement stain etched PS ARC into the

screen printing process currently used in PV industry. A group from Università Roma

Tre (RM3) worked on the cells from Eurosolare S.p.A. [43] whereas a group from

Fraunhofer-ISE (ISE) [44] worked on commercial cells from ASE GmbH.

3.3.1.1. Experimental. Solar cells used at RM3 are fabricated on the basis of the

screen printing process currently used at Eurosolare S.p.A.. Multicrystalline Si wafers
(Eurosolare) with an area of 12.5]12.5 cm2 are previously textured in KOH. No BSF
is present. The sheet resistance of the initial emitter was nearly 30 )/h. Silver contacts

are deposited both on the front and on the rear side by screen printing and eventually

protected by a polymeric "lm, which is also deposited by screen printing. The solar
cells are dipped in aqueous solutions containing HF : HNO

3
in a ratio of the order of

1000 : 1. The PS thickness is set to minimize the integral re#ectance (R). Finally the

protective "lm is removed in aceton.

All experiments at ISE are carried out on 10]10 cm2 commercial mc-Si solar cells
with screenprinted contacts produced by the standard technology of ASE GmbH. The

initial non-textured mc-Si wafers (Baysix) are p-type, boron doped with a resistivity of

about 1 ) cm and a thickness of 350 lm. After the ASE standard process, PS ARC is

formed on fully metallized cells without any protection by stain etching under

conditions as described in [40]. In both cases the process is self-aligning, as the
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Table 4

Parameters of the model for dark I}< characteristics of the ISE solar cell

Cell J
01

]10~12

(A/cm2)

J
02

]10~7

(A/cm2)

R
4

(Ohm cm2)

R
1
]103

(Ohm cm2)

Without PS 9.1 6.1 0.72 3.87

With PS 0.6 0.4 1.01 15.5

Table 3

I}< characteristics of the screenprinted mc-Si solar cells before and after the PS ARC formation

Cells from Process PS ARC Area (cm2) J
4#

(mA/cm2) <
0#

(mV) FF EFF %

ASE ISE No 100 22.3 575 0.774 9.9

ASE ISE PS 100 28.9 574 0.740 12.3

Eurosolare RM3 No 164 22.4 588 0.685 9.0

Eurosolare RM3 PS 164 27.2 592 0.753 12.1

Eurosolare RM3 No 164 22.5 589 0.694 9.2

Eurosolare RM3 PS#TiO
2

164 28.5 595 0.758 12.9

contacting grid is deposited before PS formation and the PS ARC is formed only on

the uncovered silicon surface among the metal "ngers.

3.3.1.2. Results. The output photovoltaic parameters under global AM1.5 illumina-

tion for the screenprinted solar cells produced by ISE and RM3 groups before and

after PS formation are summarized in Table 3.

The main problem preventing the achievement of a higher e$ciency on the ISE

solar cells is the FF degradation after the PS ARC formation. The analysis of the dark

I}< characteristics shows that this behaviour is related to the increase of the series

resistance R
4
, mainly due to the interaction of HF acid from etching solution with

glass-containing Ag paste of screenprinted contacts [44]. The parameters from the

dark I}< characteristics are calculated using the two-diode model and are sum-

marized in Table 4.

In the RM3 cells the metallizations is protected by a polymeric "lm: this explains

the smaller degradation of R
4

and the achievement of larger FF [43]. On the other

hand, the protecting "lm also screened a surface region as wide as 0.1 mm along the

grid "ngers against the etching solution: this region was not AR coated, causing the

observed J
4#

reduction with respect to ISE solar cells.

Another possibility is the combination of PS layer for selective emitter formation

with standard screenprinted TiO
2

ARC. A 12.9% e$ciency is obtained in these

devices, where a thin PS layer (50 nm) is only used for etch-back and passivation,

whereas TiO
2

layer provided the optical thickness required for the desired AR e!ect

(Table 3).
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Fig. 19. EQE of PS-coated (1) and back etched (2) mc-Si solar cells.

In Fig. 19 the external quantum e$ciency (EQE) curve for a RM3 PS-coated solar

cell is reported in comparison to the EQE of a back etched (BE) solar cell. In the "rst

device the shallow heavily-doped low-lifetime silicon layer is converted into the

porous, low absorption material, while in case of BE this layer is completely removed.

A single-layer TiO
2
"lm is used as an ARC for BE solar cell.

Very similar EQE are observed in the blue-violet spectral region, demonstrating the

e!ective back-etching and passivating e!ects of PS layers. On the other hand, in the

visible spectral region the PS-coated solar cell shows an appreciable EQE reduction,

which can be ascribed to the non-optimized doping pro"le: the PS layer thickness is

set after a compromise among separate R
%&&

, J
4#

and <
0#

optimizations [13,43], and

the dead layer is not completely removed. The J
4#

close to BE devices is expected to be
achieved with a better matching between the ARC and the dead layer thicknesses. The

J
4#

and the e!ective di!usion length of the minority carriers, as calculated from the

spectral response curves for the PS-coated and for the BE devices were 31.9 mA/cm2,
193 lm and 33.2 mA/cm2, 199 lm, respectively.

Fig. 20 shows the internal quantum e$ciencies (IQE) as well as the re#ectance

characteristics of ISE solar cells with PS and double layer (TiO
2
/MgF

2
) ARC. In the

wavelength range of 450}800 nm the IQE of the cell with PS ARC is higher than that
of the reference cell, while the re#ectance is nearly unchanged. This enhancement can
be explained by the decrease of the surface carrier concentration after etching as well

as by partial surface passivation by the PS ARC. The calculation of J
4#

from

integration of IQE gives the value of 31.8 mA/cm2. The gap between experimental and
extrapolated J

4#
values could be reduced after optimization of process parameters.

As it has been shown in this section, PS can be used as an e!ective ARC for textured

or non-textured mc-Si solar cells with a very large area (100}164 cm2). Moreover,

stain etching can be used for selective emitter formation and passivation followed by

screenprinted TiO
2

ARC deposition. The e$ciency of 12}13% on an emitter, which is
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Fig. 20. IQE and re#ectance characteristics of the cells with PS and double layer (TiO
2
/MgF

2
) ARC.

not yet optimized for PS formation, shows the large potential of stain etched PS in

industrial mc-Si solar cells.

3.3.2. Electrochemical method

The electrochemical method allows to control the most important parameters of PS

(thickness and porosity) through the use of an additional variable, the current density,

which is a key formation parameter for the determination of the PS porosity. It allows

to produce a very good ARC PS layer in less than 4 s so that PS layers in the emitter of

n`-p junctions can be formed without masking and damaging the industrial Ag

screenprinted electrical front contact grid.

3.3.2.1. Experimental. The electrochemical method is applied by IMEC and CNRS-

LPSB. The e$ciency potential of a PS ARC is investigated by IMEC on high-quality

FZ Si substrates (2]2 cm2) having a P
2
O

5
-di!used emitter and evaporated

Ti}Pd}Ag contacts. CNRS-LPSB focuses on the formation of a PS ARC for commer-

cial mc-Si solar cells. 5]5 cm2 solar cells are made on NAOH textured n`-p

multicrystalline silicon (POLIX) junctions with a 0.3 lm POCL
3

di!used emitter. The
Al and Ag electrical back and front contacts, respectively, are deposited by screen
printing (followed by an annealing) as a routine industrial process developed at

Photowatt Int. Company. Because of the Ag front contact is sensitive to the presence

of HF, the PS layer is formed under galvanostatic conditions with a 50 mA/cm2

constant current applied during 3.5 s. At the surface of the emitter, under the Ag

electrical "ngers, the P doping concentration is larger than 5]1020 atom/cm3 and the

sheet resistance is 25 )/h. This emitter is transformed into a 125 )/h at the PS/bulk
interface with the P concentration decreasing around 1019 atom/cm3 [45]. From

a spectroscopic ellipsometry study it is found that the thickness of the PS layer is

105 nm and a porosity gradient (60% porosity near the PS/bulk Si interface and 85%

porosity near the PS surface) existed within the PS layer [46]. Previously to the PS

formation, the wafers are NaOH chemically etched which leads to a new surface
microstructure whose morphology depends on the crystallographic orientation of the
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Fig. 21. IQE and re#ectance characteristics of mono-Si cells with PS ARC and with conventional SiN

ARC.

grains. The in#uence of the PS layer on the photovoltaic properties of the junction is

investigated with respect to the crystallographic orientation of speci"c grains in the

multicrystalline silicon wafer used [20]. It should be mentioned that the PS layer
formation conditions used in this study are not those which lead to a PS layer with

optical properties optimized for photovoltaic applications (see Fig. 3) [14,15], because

the conditions of PS formation are drastically limited by the thickness of the junction
and the presence of the front contact grid.

3.3.2.2. Results. The IQE of a cell with an optimized PS ARC and with a silicon

nitride ARC are shown in Fig. 21. It is clearly seen that a similar re#ectivity is
obtained for PS and for the conventional SiN ARC. Due to the minimum in
re#ectance at 680 nm [34] the EQE reaches a maximal value of 0,87 at 680 nm, which

represent a gain of 25% compared to the cell without a PS layer. Illuminated I}<

analysis reveals that the solar cell e$ciency strongly depends on the PS layer
thickness because a small variation in ARC layer thickness ((15 nm) a!ects the

re#ectance which in its turn results in a di!erent J
4#

. This e!ect is less pronounced on

a textured surface. From Table 5 it can be concluded that applying a conventional

electrochemical PS layer on an alkaline textured surface results in a higher J
4#

and

e$ciency as compared to the non-textured case. The <
0#

(605 mV) is similar to the
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Table 5

PV output parameters of textured and non-textured FZ Si solar cells with an electrochemically formed PS

surface layer as independently con"rmed by NREL

Solar cell J
4#

(mA/cm2) <
0#

(mV) FF EFF (%)

PS on non-textured cell 30.4 603 0.78 14.3

PS on textured cell 31.3 601 0.78 14.6

Fig. 22. EQE as a function of wavelength measured on the two S1 0 0T and S1 1 1T oriented grains of an

n`-p mc-Si junction without a PS layer (Ref) and with a PS layer (PS).

value which is obtained on high quality multicrystalline Si material (Section 3.2.4).

This indicates that in both cases using a rather deep emitter leads to a<
0#

which is not

strongly a!ected by the PS surface layer.
The EQE of the two grains with PS and without (Ref) a PS layer are shown in

Fig. 22. An increase in the spectral response is observed for the junctions with a PS

layer compared to the reference junctions. The theoretical J
4#

of two grains under AM
1.5 standard conditions, in the range 400}1100 nm, are calculated from the spectral
response integrated between 400 and 1100 nm, according to the following equation:

J"qP
1100

400

EQE(j)J
0
(j)dj,

where q is the electron charge. Increases in I
4#

of 16% and 30% are observed for

S1 0 0T and S1 1 1T grains, respectively, after formation of a PS layer (Table 6).

In order to separate the modi"ed re#ectivity of the PS layer from other e!ects such

as a light di!using behaviour or surface passivation, the IQE"EQE/(1!R) corre-
sponding to Fig. 22 is plotted in Fig. 23. After correction for light absorption in the PS

layer, the IQE of the reference for the S1 0 0T grain is lowered over the entire

wavelength range compared to the PS n`-p junction. This means that the change in

416 R.R. Bilyalov et al. / Solar Energy Materials & Solar Cells 60 (2000) 391}420



Table 6

Theoretical short circuit current for the S1 0 0T and S1 1 1T grains with and without a PS layer

S1 0 0T oriented grain S1 1 1T oriented grain

Ref With a PS layer Ref With a PS layer

Theoretical J
4#

(mA/cm2) 22.7 26.3 19.2 25.5

Fig. 23. IQE of the S1 0 0T and S1 1 1T grains corresponding to Fig. 22.

the re#ectivity of the PS layer is not the only e!ect which determines the photores-

ponse after formation of a PS layer. For the S1 1 1T grain, the IQE is reduced in the

short wavelength region after the PS formation. A slight increase of the IQE is also

observed between 500 and 1000 nm for the S1 1 1T grain after PS treatment. In both

cases the increase of the IQE of the grains with the PS layer is understood from the
light scattering action of porous silicon, resulting in a higher collection e$ciency.

The I}< curves under white light illumination are obtained from the whole area

(5]5 cm2) of the n`/p junctions with and without a PS layer. A 20% increase in the

photocurrent of the junction with the PS layer is observed, while the open circuit
voltage<

0#
was not modi"ed. These results point to an increase of the "ll factor [20].

The photovoltaic characteristics of the junction with the porous emitter, measured (by

the solar cell manufacturer Photowatt Inc.) using the standard procedure are reported

in Table 6 and compared to the characteristics of a conventional solar cell (NaOH
textured and with a SiO

2
#TiO

2
double layer ARC). The characteristics of the cell

with the PS layer (E!"13.2%) [20] are very similar to those of the chosen commer-

cial cell whose characteristics are among the best produced by the company. Slight

decreases in I
4#

(3.8%) and<
0#

(2%) are noticed for the PS n`/p junction, whereas an

increase in the "ll factor (2.3%) is observed Table 7.
An e$ciency of 13.2% on 25 cm2 multicrystalline silicon solar cells with a porous Si

selective emitter can be obtained using the regular industrial processing for making
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Table 7

PV output parameters of a commercial Polix mc-Si solar cell and a 5]5 cm2 Polix mc-Si solar cell with an

electrochemically made PS selective emitter

Solar cell J
4#

(mA) <
0#

(mV) FF EFF (%)

Commercial cell 790 595 0.725 13.6

With PS layer 760 583 0.742 13.2

the n`/p junctions and the front and back screenprinted contacts [20]. The electro-

chemical method leads to the formation of an e$cient ARC PS layer between the Ag

screenprinted "ngers. Although being directly in contact with the corrosive HF

solution, the front contact grid is not damaged, because the formation time is

extremely short ((4 s). The bene"cial e!ect of a PS layer is more important for the

grains whose crystallographic orientation does not favour the formation of surface

pyramids during the NaOH texturization treatment of silicon.

4. Conclusion

It is shown that PS has a large potential in photovoltaics. A PS ARC acts as

a perfect light di!usor and provides an appropriate re#ectance which is quite compa-

rable to the re#ectance of a textured Si surface covered by conventional ARC.

Moreover PS has some passivating capabilities, that allow to fabricate solar cells

without an additional passivation coating. All these PS properties signi"cantly sim-

plify the solar cell processing.

The optimization of a selective emitter formation using PS etching results in
a 14.1% e$ciency mc-Si cell processed without texturization, surface passivation or

additional ARC deposition. The implementation of a PS ARC into an industrially

compatible screen-printed solar cell process is made by both chemical and electro-
chemical methods of PS formation. An e$ciency of 13.2% is achieved for (25 cm2)
mc-Si solar cell using electrochemical technique while values between 12% and 13%

are reached for very large (100}164 cm2) commercial mc-Si cells by chemical method

of PS formation. All results clearly indicate that 14}15% e$ciency could be achieved
by a very simple solar cell technology if all processing steps (PS formation, di!usion,
metallization) will be fully optimized.

Further research on the topic of cost-e!ective mc-Si solar cells with PS selective

emitter should be made in a way of further improving the optical, structural and
surface-passivation characteristics of PS. Two possible ways are clearly visible at this

moment. The "rst one is the fabrication of PS with a porosity gradient that provides

both excellent re#ectance and passivation. The second is the improvement of PS

characteristics by external treatments such as: hydrogenation, etc. Both pathways are

currently under investigation and intermediate results show interesting perspectives.
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