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The latest results on the use of porous silicon �PS� as an antireflection coating �ARC� in simplified
processing for multicrystalline silicon �mc-Si� solar cells are presented. A PS layer with optimal
antireflection characteristics was obtained for charge density �Q� of 5.2 C/cm2. The weighted
reflectance was reduced to 4.7% in the range of wavelengths between 400 and 1000 nm. Also, the
optimization of a PS selective emitter formation results in a 13.2% efficiency mc-Si cell �2
�2 cm2� with the electroplating method. Specific attention is given to the implementation of a PS
ARC into a commercially compatible screen-printed solar cell process. © 2007 American Institute
of Physics. �DOI: 10.1063/1.2735413�

I. INTRODUCTION

Light trapping is an important method of increasing the
efficiency of crystalline silicon solar cells. Several other
techniques such as the surface antireflection layer �ARC�
�Ref. 1� and texturization2 have been used widely for the
same purpose. Commercial multicrystalline silicon �mc-Si�
solar cells have, in general, silicon-nitride �SiNX� films that
not only act as an ARC with a suitable refractive index, but
also improve the performance of photovoltaic devices by de-
fect, surface, and bulk passivation. However, the formation
of the SiNX films by using plasma enhanced chemical vapor
deposition �PECVD� �Ref. 3� is a costly process. On the
other hand, recently, simple and low-cost techniques that use
chemical solutions have been developed to solve the cost
problem. For example, alkaline enchants composing NaOH
or KOH with isopropyl alcohol �IPA� as an organic agent are
widely used to texture monocrystalline silicon �mono-Si�.4

However, this method is not efficient for mc-Si because only
a certain fraction of the grains have the �100� crystallo-
graphic orientation. Acidic etching by HF and HNO3, which
act as strong oxidizing agents, has been used to texture the
surface of mc-Si.5 However, with this technique, it is also
difficult to control the uniformity of the Si wafer surface and
layer thickness, and other approaches have been also
studied.6,7

Porous silicon �PS� ARC has several advantages such as
production of lower reflectance than that of the deposited

single ARC, no vacuum processes or toxic gasses, PS forma-
tion in �35 s with good repeatability, simplicity, and low
cost.

Different authors have proposed to use PS as a single
layer or multilayer ARC,8,9 light diffuser,10 backside
reflector,11 and blue-to-red light transformer.12 A significant
improvement of optical confinement was found after PS for-
mation.

ARC can be optimized by tailoring the porosity �or re-
fractive index� of the PS layer for a given cell structure.
Through this optimization, surface geometry can be opti-
mized. Since PS texturing does not depend on crystallo-
graphic orientation, mc-Si can be uniformly textured on the
whole wafer when the mc-Si surface is supplied by high
current density. However, the mc-Si solar cells using PS
ARC have low efficiency due to a contact degradation due to
the interaction of HF acid and silver �Ag�, namely, etching of
the glass frit in the Ag paste by the HF acid contained in the
etching solution by increasing the contact resistivity.13

Therefore, screen-printed front contact should be protected.
In this paper, we present several promising results: our

technique provides weighted reflectance that is 4.7% in the
wavelength range of 400–1000 nm lower than those of other
techniques. Also, to avoid such degradation of screen-printed
front contact, pure Ag was electroplated on the front contact
using a light-induced plating method.

II. EXPERIMENT

A. The device fabrication

A p-type mc-Si Eurosolar wafer with a thickness of
330 �m and a resistivity of 0.5−2 � cm was used to fabri-
cate the screen-printed solar cell. At first, saw damage from
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the wire-sawing process was removed using an alkaline so-
lution. During saw damage removal, the surface of the Si
wafer was slightly textured, and a small decrease in the sur-
face reactance occurred.6 Before the emitter diffusion pro-
cess, the wafer was cleaned in baths of RCA I, RCA II, and
HF solutions to remove organic materials, metal impurities,
and the silicon-oxide layer at the surface of the Si wafer,
respectively. The n-type emitter was formed by heavily dop-
ing with phosphorus using a POCl3 source at high tempera-
ture. The sheet resistance of the surface was set to 30 � / sq
after etching of the phosphorous silicate glass �PSG�. Then,
Ag and Al pastes were screen printed on the front and the
rear sides of the wafer to form metal electrodes. Two firing
processes, Al firing at the rear side, and an Ag firing through
process, were carried out at one time in this cell fabrication
scheme. Next, front contact was electroplated by Ag using a
light-induced plating method to avoid degradation of screen-
printed front contact. Finally, PS film was formed on the
front surface of the cell by electrochemical etching �ECE�.
Thus, this process provides self-aligned selective emitter
etching to be used at the same time as an efficient ARC. The
general view of the final cell structure is presented in Fig. 1.

B. Porous silicon formation

The ECE was performed by using a mixed solution con-
taining �i.e., 3:1 volume ratio mixture of 49% HF solution
and absolute C2H5OH�. PS formation by ECE with multi-
channel Potentiostat/Galvanostat. ECE current density
�10–270 mA/cm2� and duration �1–35 s� were controlled by
computer-driven potential-stabilized electrolyte bath. The
bath contained polytetrafluoroethylene �PTFE�, and the plati-
num �Pt� electrode was used as a cathode. Counter electrode
was used as Si wafer/Pt. The bath was agitated by a magnetic
stirring bar to prevent H2 bubbling over the etching surface
and thus, fabricate a more uniform PS structure. After PS
formation, samples were rinsed with DI water and were dried
immediately after ECE to prevent the PS film from flaking
and deterioration �i.e., the sample was dried in N2 gas and
stored�.

C. Measurements

The weighted reflectance measurements were carried out
by using the reflectance tool in the 300–1000 nm wavelength
range. The surface morphology of the PS formed by the ECE
was observed by field emission scanning electron micro-

scope �FE-SEM�. The ECE of Si, from which we obtained
the thickness and porosity of the PS layer, was analyzed by
spectroscopic ellipsometer �SE�. Also, the cell characteristics
were measured under the AM 1.5 spectrum �100 mW/cm2�
at 25 °C with the SPI-CELL TEST 150 system.

III. RESULT AND DISCUSSION

Several PS samples were investigated as a function of
the current density �J� and total etching time, while the total
charge density �Q� injected per unit area �with the total
amount of Si removed� was kept constant during etching.14

The high current density �270 mA/cm2� and short anodic
ECE time ��35 s� formed a high-porosity-like mezoporous
structure. PS surface images in Fig. 2 show that the forma-
tion of PS is isotropic and has little dependence on Si surface
crystallographic orientation because of a rapidly formed uni-
form PS film.15 Figure 2�b� shows the top view of a PS layer.
The surface geometry was a new surface structure composed
of a standard texture formed by KOH etching and me-
zoporous substructure with a pore diameter smaller than 50
nm in Fig. 2�b�. We observed an interesting mezoporous
spongelike structure suitable for light trapping and light dif-
fusing as an ARC since the charge density increases, the
porosity increases, and the index of refraction decreases. In
particular, we have previously studied correlation between
the reflectance and the surface roughness.16 The reduction of
reflectance could be explained by the higher roughness of the
surface after PS formation.

The optical reflectivity of this structure decreased dra-
matically about 4.7%, as presented in Fig. 3. Analyzed by
SE,17 the thickness and porosity of the PS layer obtained by
ECE of Si were 400–500 Å and 80%–90%, respectively. Vi-
sually a top PS layer exhibited still homogeneous blue color
and can be sufficiently used as an ARC for solar cells.

Figure 3 shows the weighted reflectance as a function of
wavelength for three samples with Q=1.3, 3.2, and
5.2 C/cm2 �listed in Table I�. The reflectance decreased to
less than 5% for Q=5.2 C/cm2, between 400 and 1000 nm.
The reflectance spectra in Figs. 3�a�–3�c� provide the optical
properties for PS film. The specific form of the reflectance
spectra of the grains covered with a PS layer is due to inter-
ference effects in the layer, which implies that the PS layer

FIG. 1. The cross-sectional diagram of the mc-Si solar cell structure using
the PS ARC with Ag cap.

FIG. 2. The FE-SEM image taken from the surface of the PS samples
prepared using Q=5.2 C/cm2 in HF: C2H5OH electrolyte with a volumetric
ratio of 3:1. �a� The PS formation after alkaline-textured mc-Si ��1000�, �b�
the mezoporous structure ��100 000�.
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has different optical properties compared to bulk Si.18 Fig-
ures 3�a�–3�c� show the relationship between increases in
porosity and decreases in reflective index for PS films. The
number of modulations in the spectra directly corresponded
to the number of various refractive indexes in the PS layer.
Further increase of Q did not significantly change the reflec-
tance. When using high charge densities ��8.1 C/cm2�, the
modulations may not be observed at all because the PS layer
obtained by ECE is peeled off. We observed flaked and de-
teriorated PS film generated at 9.5 C/cm2.

The integral reflectance of PS in Fig. 3�c� is 4.44 in the
wavelength range of 650–700 nm. The decrease in the reflec-
tance in the sensitivity range of the solar cell increases the
short circuit current density �Jsc� �Fig. 5 and Table II�. The
wavelength range is important for photovoltaic applications
since the energy content of the solar spectrum peaks in that
range. Minimum reflectance occurred at charge density
5.2 C/cm2. In addition, the PS structure generally is assumed
to give rise to quantum confinement and an increased band
gap. The wide band gap of PS might be useful to establish a
minority carrier mirror, which could contribute to surface
passivation.

Figure 4 shows that the additional PS ARC after the
alkaline-textured mc-Si wafer results in a decrease in reflec-
tance. It is clearly observed that the reflectance of the PS
ARC used in further experiments has a minimum of 3.1% at
570 nm, while the SiNX ARC reflectance has a minimum of
2.0% at 730 nm. As a result, the weighted reflectance of the
PS used as an ARC is 4.7% in the wavelength range from
400 to 1000 nm and 8% less than that of a commercial SiNX

ARC. Moreover, we compared the reflectance characteristics
of the optimized SiNX layer coated �thickness of 700–800
nm� by PECVD with a PS layer.

A comparison of optimal PS ARC formed on alkaline-
textured mc-Si surface and conventional SiNX ARC formed
on alkaline-textured mc-Si surface shows some advantages.
First, PS ARC 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. Second, The PS ARC demonstrated optical
performance superior to most vacuum-deposited SiNX ARC
layers, as shown in Fig. 4. It is expected that the perfect light
diffuser for broad wavelength could be used as an ARC with-
out other materials of ARC. Moreover PS has some passivat-
ing capabilities, which allow fabricating solar cells without
an additional passivation coating.

The method of ECE considerably exceeds traditional
methods of chemical anisotropic and mechanical texturing in
the efficiency of optical losses reduction by decreasing
weighted reflectance in the range from 400 to 1000 nm to
4.7%. Besides, the ECE method allows forming texture on

FIG. 4. Reflectance characteristics of �a� alkaline-textured mc-Si wafer, �b�
PS ARC, and �c� single-layer SiNX ARC.

FIG. 5. Illuminated current-voltage characteristics of the mc-Si solar cell
using the PS ARC at �a� 4.0 C/cm2 and �b� 1.6 C/cm2.

FIG. 3. Plots of the measured reflectance spectra of PS films grown at 1.3,
3.2, and 5.2 C/cm2 in the wavelength range of 300–1000 nm. These films
show weighted reflectance as �a� 8.0%, �b� 6.0%, and �c� 4.7% in the wave-
length range of 400–1000 nm.

TABLE I. Weighted reflectance �R� from three different PS formation con-
ditions of charge density �Q�.

�a� �b� �c�

Q �C/cm2� 1.3 3.2 5.2
R �%� 8.0 6.0 4.7
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the surface of already created solar cells both before deposi-
tion of frontal contact comb and after its formation without
additional photolithography process. Because of that, the
technological process of solar cell structure creation is sim-
plified.

Figure 5 and Table II show the performance parameters
of solar cells illuminated I-V characteristics of the mc-Si
solar cells using PS ARC �mezoporous structure� at �a�
4.0 C/cm2 and �b� 1.6 C/cm2. The charge density enhance-
ment may be ascribed to both the antireflection properties of
PS and a better blue color of the selective emitter. The boost
in open circuit voltage �Voc� is related to the increase in short
circuit current �Isc� and probably also to a lower recombina-
tion velocity at the Si/PS interface since it has been demon-
strated that PS has some passivating capabilities arising from
the presence of Si hydrides and Si hydroxides.19

IV. CONCLUSION

The study carried out in this paper demonstrated that by
the PS ARC technique optimization it is possible to create
new morphology of the Si surface structure. This layer acts
as a perfect light diffuser and provides an appropriate reflec-
tance which is quite comparable to the reflectance of an
alkaline-textured Si surface covered by the conventional
SiNX ARC layer. This approach showed the performance pa-
rameters including 13.27 efficiency of the cell. Voc of the cell
is 604 mV and Isc is 122 mA. Simplicity and low cost of the

ECE technique as well as its adaptation to the silicon solar
cell manufacturing provide for a very promising technology
in an industrial process.
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TABLE II. I-V characteristics of mc-solar cell after PS ARC formation at �a�
4.0 C/cm2 and �b� 1.6 C/cm2.

�a� �b�

Charge density 4.0 C/cm2 1.6 C/cm2

VOC 604 mV 585 mV
JSC 30.5 mA/cm2 28.9 mA/cm2

Fill factor 0.721 0.676
Efficiency 13.27 % 11.43 %
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