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Lower reflectivity and higher minority carrier lifetime of hand-tailored
porous silicon∗
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Abstract: Solar cell grade crystalline silicon with very low reflectivity has been obtained by electrochemically
selective erosion. The porous silicon (PS) structure with a mixture of nano- and micro-crystals shows good an-
tireflection properties on the surface layer, which has potential for application in commercial silicon photovoltaic
devices after optimization. The morphology and reflectivity of the PS layers are easily modulated by controlling
the electrochemical formation conditions (i.e., the current density and the anodization time). It has been shown that
much a lower reflectivity of approximately 1.42% in the range 380–1100 nm is realized by using optimized condi-
tions. In addition, the minority carrier lifetime of the PS after removing the phosphorus silicon layer is measured to
be ∼3.19 µs. These values are very close to the reflectivity and the minority carrier lifetime of Si3N4 as a passivation
layer on a bulk silicon-based solar cell (0.33% and 3.03 µs, respectively).
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1. Introduction

Good optical antireflection layers (ARL) and textured
morphologies realized on bulk silicon-based solar cells
are significant for high efficiency solar cells. In previous
work, many kinds of ARL materials, such as SiO2, TiO2,
Si3N4, SiOxNy, Ta2O5, and tri-layer antireflection coatings
(SiO2/SiO2–TiO2/TiO2)[1−6] have been widely developed for
the simple diode. Recently, a few of works looked at porous
silicon layers (PSL) for the use in ARL[7−9]. It was reported
by Strehlke et al.[7] that the reflectivity of porous silicon fabri-
cated by anodic electrochemical etching in an electrolyte was
approximately 7.3% higher in the wavelength range of 400–
1150 nm. A constant current density of 5 mA/cm2 was used
in a solution of 30% HF with a volume ratio of 3 : 2 (48%
HF : EtOH). The PSL can be formed on all kinds of single-
crystalline silicon and multi-crystalline silicon. However, the
traditional method for the formation of a textured surface on
silicon in NaOH or KOH is only available in the ⟨100⟩ nor-
mal to the surface. Solar cell processing is subject to rigorous
limitation.

In the present work, the PSL was formed by the electro-
chemical etching. The reflectivity, the minority carrier life-
time and the photon-trap structure of the PSL were inves-
tigated and compared with other results. The reflectivity of
porous silicon (PS) has been successfully reduced to 1.42%
by optimizing the anodic current density and the etching time.
Furthermore, it was found that the passivation effect of PS
as an antireflection coating layer was very similar to that

of Si3N4.

2. Experiment

For comparison, the slices of the silicon crystals were di-
vided into six groups (A–F), depending on the different treat-
ments. Group A was passivated with Si3N4 by PECVD. Group
B was non-treated silicon. Group C was thinned silicon. Group
D was thinned silicon, which was subsequently pre-textured.
Group E was treated in several steps by thinning, pre-texturing,
diffusion for producing the n+p junction, removal for a phos-
phorus silicon glass layer, etching for the n+ edge region, and
Si3N4 passivation processing. Group F was porous silicon be-
fore diffusion.

During sample preparation, a ⟨100⟩ oriented p-type CZ
silicon wafer with a resistivity of 1 Ω·cm and a thickness of
220 µm was used. The substrate was ultrasonically etched in
NaOH : H2O (1 : 5, at 80 ◦C for 1 min) in order to remove the
damaged machined layer. An Al back contact grid as the an-
ode was deposited by screen printing, followed by annealing
at high temperature in a routine technique used in industrial
processes.

The controllable morphology of the PSL was formed
through a normal electrochemical technique as follows: the
electrolyte was a mixed solution of HF : H2O : C2H5OH
(2 : 1 : 1 volume ratio). A platinum rod was used as a cathode.
A PS layer was ultrasonically (40 Hz) formed at 40 ◦C for 40 s
under an anodic current density of 5 mA/cm2 on the n+ region.

The variation of minority carrier lifetime with fabrication
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Fig. 1. Reflectivity and refraction of a single film layer.

processing of a solar cell, after the procedures of wafer thin-
ning, PSL formation, phosphorus diffusion, phosphorus sili-
con glass removal, and silicon edge etching, are addressed.
Since it is hard to remove Al deposited on silicon by screen
printing in HF and due to Al contamination in the diffusion
chamber, in this work, PSL was formed by using the Al va-
porized on the back of the silicon as an anode and the mi-
nority carrier lifetime was measured at room temperature. The
PSL was cleaned in HF and HCl before the diffusion. The n+p
junction was produced in our laboratory. A phosphorus silicon
glass layer was removed in a mixed solution of HF and H2O.
The n+ edge region of the sample was etched in mixed gases
of CF4 and O2.

During the characterization of the microstructures and
the properties of the PSL, the reflectivity of those samples
(A–F) was measured in our laboratory by a comprehen-
sive opto-electric analysis system specialized for the inter-
nal quantum efficiency (iQE), the external quantum efficiency
(eQE), and photoluminescence (PL). It consists of a 250 W
halogen-tungsten lamp, a Jobin Yvon spectroscopy, a 7-STAR
7ISW303 monochromator, a DR004-2.0 integrating sphere, a
Stanford SR540 light chopper, and an SR830 lock-in amplifier.

The minority carrier lifetime of the PSL after removing
the phosphorus silicon layer was measured and compared with
that of Si3N4 by the microwave reflectance photoconductivity
decay with a WT-1000 wafer tester[10]. The morphology of the
photon-trap structure on PSL was observed by a scanning elec-
tron microscopy (SEM).

3. Results and discussion

3.1. Reflectivity

The ARC effect based on internal multiple reflections
between reflected waves at the air/ARC layer and the ARC
layer/substrate interfaces is shown in Fig. 1. The reflectivity R
is given as a function of the refractive index n0 of air, the re-
fractive index n1 of the PSL, and the refractive index n2 of the
substrate. It is given by
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Fig. 2. Reflectivity of samples A, B, C, D, E, and F is shown for

comparison.
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When n1h = (2m + 1)λ/4, m = 1, 2, 3. . . , cos2(ϕ/2) = 0, and
sin2(ϕ/2) = 1, then
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On the other hand, when n1 =
√n0 n2 , then Rmin = 0. The ef-

fective reflectivity Rtotal was calculated by normalizing the re-
flectivity R to the photon flux J(λ) of the solar spectrum, under
AM1.5 standard conditions[7] :

Rtotal =

∫
R (λ)J (λ) dλ∫

J (λ) dλ
. (4)

Furthermore, the refractive index n1 of the PS is also a function
of the porosity fair according to the equation as follows[7] :
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The theoretical short-circuit current of the junctions, ISC, un-
der white light illumination (AM1.5), has been calculated from
the measured reflectivity R, by

iQE (λ) = eQE (λ) / (1 − R) , (6)

ISC = q
∫

eQE (λ)JAM1.5
0 (λ) dλ, (7)

where JAM1.5
0 is the solar photon flux. According to Eqs. (6)

and (7)[7, 11], the decrease of the reflectivity can enhance the
short circuit current ISC.

The reflection spectra of the different samples are shown
in Fig. 2. It can be seen that the effective reflectivity of the PSL
is reduced to 1.42% between 380 and 1100 nm. It exceeds the
reflectivity of the sample D and is close to the reflectivity of
the sample E (0.33%). A minimum of the reflectivity in Fig. 2
is observed, and its intensity, Rmin, as well as the position at
550 nm, where the energy content of the solar spectrum peaks,
is strongly dependent on the current density used to control
the thickness and the porosity of PSLs. All spectra modulated
by interference fringes with a long period lead to a broadened
minimum. Reflectance spectra are used as criteria to determine
the conditions under which the appropriate thickness of the
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Fig. 3. SEM image of the PSL surface.

PSL is obtained. Comparison of the reflection spectra indicates
that the minimum integrated reflectance values in the wave-
length range can fulfill a certain application.

3.2. Minority carrier lifetime

The theoretical open-circuit voltage of the junction, VOC,
under white light illumination (AM1.5), has been calculated
from the measured minority carrier lifetime, by using the fol-
lowing equations in an ideal diode[11]:

qVOC = kT ln
(

ISC

I0
+ 1

)
, (8)
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( √
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√

Dpτp

)
, (9)
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where A is the area of junctions, G is the average production
rate of the non-equilibrium carrier in the diffusion length (Ln

+ Lp) of the junction, I0 is the reverse saturated current, n is
the same ideality factor, Dp and Dn are the hole and electron
diffusion coefficients, and τp and τn are the lifetimes of holes
and electrons, respectively. The increase of the minority carrier
lifetime can lead to an increase of Voc according to Eqs. (8)–
(10).

The minority carrier lifetime of the PS after removing the
phosphorus silicon layer is obviously longer (3.19 µs) than that
of sample F (3.03 µs). This result suggests that the PS with a
higher minority carrier lifetime could potentially act as a sub-
stitute for Si3N4 material in passivation layers on silicon-based
solar cells.

Actually, the total value of the minority carrier lifetime
τtotal depends on that in the bulk material τbulk, the character-
istic time necessary to allow carrier diffusion to the surface
from the middle of the wafer τdiff , and the characteristic time
of surface recombination τsurf . It is given as:

1
τtotal

=
1
τbulk

+
1

τdiff + τsurf
. (11)

In the experiment, it is found that removing the phosphorus
silicon glass layer can reduce the minority carrier lifetime of

Fig. 4. Cross-section of the SEM image of a pore in the PSL.

silicon from 10 to 3.03 µs when it was thinned, subsequently
pre-textured and diffused. The reason for this is that the de-
crease of τsurf can lead to a decrease of τtotal according to
Eq. (11).

3.3. Profile of the PS surface

The surface morphology and features of the PSL are
shown in Fig. 3. The lateral distribution of the surface rough-
ness is typical for the PSL among the electrochemical etched
samples. The shape and the size of a pore are shown in Fig. 4.
Three dimensions of the typical pore were illustrated as X:
1.607, Y: 3.589, and D: 3.933 µm, respectively. The depth of
the pore are in this figure is about 3.60 µm, which is less than
that of a n+p junction of a bulk silicon-based solar cell with
a typical depth value of approximately 0.45 µm. Therefore,
the anodization regimes (the current density and etching time)
must be selected so as to prevent the thickness of the PS layer
from exceeding the depth of a n+p junction, if the PS is formed
before the diffusion. In an optimized process, the miniaturized
PSL with a lower reflectivity can be obtained by increasing the
concentration of HF in the electrolyte and choosing a polished
silicon with a lower resistivity of about 0.01 Ω·cm.

4. Conclusion

A very low reflectivity from a PS surface has been ob-
tained by the electrochemical etching treatment of bulk silicon
in any orientation. The current density and the etching time
are essential parameters in the processing. The condition in
our research is a combination of the electrolyte with a mixed
solution of HF : H2O : C2H5OH (2 : 1 : 1 volume ratio), a
platinum rod used as the cathode, and the PSL being ultrason-
ically (40 Hz) formed at 40 ◦C for 40 s under an anodic current
density of 5 mA/cm2 on the n+ region.

In addition, the improvement of the minority carrier life-
time for the PSL lies obviously in the electrochemical process-
ing, which implies a possible application in the photovoltaic
industry as a convenient and inexpensive technique.
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