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This work presents porous silicon technology, adapted to improve the characteristics of monocrystalline
silicon solar cell. This is achieved by taking advantage of properties provided by porous silicon technology in
production of diverse structures in the material. We produce a porous silicon derivative, which is mostly hidden
in the emitter of solar cell. Research of the initial and modi�ed solar cells was made by measuring current�voltage
characteristics under illumination of a 5000 K xenon lamp. Spectrally resolved studies of current�voltage
characteristics were carried out using radiation of halogen lamps and di�raction grating monochromator. Studies
revealed that the manufacturing of buried porous silicon structure improves solar cell performance by increasing
the �ll factor of the modi�ed solar cell current�voltage characteristics, maximum output power and e�ciency,
when compared to unmodi�ed ones. Spectral studies revealed that the above-mentioned improvement di�ers
for various sections of light spectrum. Largest relative enhancement of solar cell current was observed at the
wavelengths of ∆λ = 450�550 nm. We consider the cumulative result of several e�ects resulting in solar cell
e�ciency enhancement. Most of them were the in�uence of porosity on e�ective optical path length and better
anti-re�ecting properties of multiple porous structures.

PACS: 61.43.Gt, 68.37.Hk, 72.40.+w

1. Introduction

Studies designed to adapt porous silicon technology to
increase silicon solar cell e�ciency began quite some time
ago as interest in unique properties of porous silicon arose
[1, 2]. Most of research was devoted to manufacture of
the porous silicon layer on the solar cell surface, reduc-
ing the re�ection of incident solar radiation [3�5]. It has
been shown that a layer of porous silicon results in a sig-
ni�cant increase in energy conversion e�ciency. Similar
attempts to enhance the e�ciency of silicon solar cells
were made later [6, 7]. It is thought that porous silicon
layer may reduce the recombination rate of surface as
well. It is based on analysis of a model involving carrier
di�usion from the surface and recombination at the sur-
face and in the bulk of the emitter [8]. Further review
of previous work can be found in the papers [4, 9, 10].
Recently, porous silicon structure has been mostly used
to enhance the e�ciency of the epitaxial silicon solar cell
[11, 12]. The production of chirped Bragg re�ector was
performed in two steps: at �rst, the conventional p-type
silicon substrate was made. Then, the n-type emitter was
produced on a porous structure. Thus, for the �rst time,
the porous silicon structures have been manufactured in
the volume instead of the surface of the solar cell. The
positive impact on solar cell e�ciency was achieved by re-
�ecting the non absorbed infrared radiation back to the
p�n junction. In this case, porous silicon structure im-
proves solar cell e�ciency mostly in the infrared range of
the solar spectrum. Research on further increase in solar

cell e�ciency by devising new porous silicon structures
is performed [13]. In general, most of the work observed
positively impacts solar cell e�ciency.
In this work, the porous silicon technology is used to

improve characteristics of monocrystalline silicon solar
cell by taking advantage of unique opportunity to pro-
duce diverse structures in the material [14]. We produce a
combination of porous silicon derivative, whose main part
is hidden in the solar cell emitter volume to improve the
e�ciency of silicon solar cell. The current�voltage char-
acteristics of the cells have been measured at integral as
well as at spectrally resolved illumination. Improvement
of solar cell performance has been observed in samples
modi�ed by hidden porous structures. Mechanisms of
the conversion e�ciency enhancement and peculiarities
of the spectrally resolved results have been discussed.

2. Experiment

Silicon solar cells under investigation were produced
of p-type, (100) plane silicon plate by the usual silicon
solar cell manufacturing technology. The surface of the
plates was textured using chemical etching. The solar
cell n-type emitter was formed using phosphorus di�u-
sion. Continuous lower and grid upper metal contacts
were made of copper by vacuum sputtering. The protec-
tive layer of the surface was made of 20�40 nm thick sili-
con nitride. The completed solar cells were 450 µm thick,
while the emitter thickness was about 0.5 µm. For the
experiments, solar cell panels were cut into 5 × 10 mm2
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samples. The copper wire has been attached to upper
and lower contacts by using the silver paste. After that,
all metal contacts were protected by chemically resis-
tant and electrically-tight sealing-wax. Manufacturing of
porous silicon layer was carried out in HF:ethanol = 1:2
volume ratio electrolytes. The samples were illuminated
by a slightly focused radiation of 50 W halogen lamps
at the time of processing. The etching current density
was computer-controlled in the limits of 5�18 mA/cm2,
etching time was set in the interval of 10�20 s.
Porous silicon technology operation has been carried

out in the te�on electrochemical cell. Anode was the
protected lower solar cell contact, while cathode was in
contact with the electrolyte made of platinum. Samples
were placed in a �uoride acid for a few minutes in order
to remove the protective layer of silicon nitride, before
the manufacturing of porous silicon. Porous silicon struc-
tures have been produced in two stages. The low-porosity
layer, about 100 nm thick was produced in the �rst stage
at time period ∆t1. After that the current was increased
� the etching was conducted at a larger current density
during time period ∆t2. So, high-porosity layer of the
structure was hidden in the emitter volume. Illumina-
tion intensity and the total etching time were chosen in
such way that the porous layer was located above the so-
lar cell p�n junction [14]. At the end of the technological
process, the modi�ed solar cell sample was rinsed with
ethanol and deionized water. The processing parameters
of the samples are shown in Table.

TABLEProcessing parameters of the samples.

Specimen
No.

J1

[mA/cm2]
J2

[mA/cm2]
∆t1
[s]

∆t2
[s]

V7 5 7 20 10
V8 5 10 20 10
V11 5 18 20 10

Research of the initial and modi�ed solar cells was
made by measuring current�voltage characteristics illu-
minated by a 5000 K temperature radiation of xenon
lamp. Spectrally resolved studies of current�voltage
characteristics were carried out using radiation of halo-
gen lamps and di�raction grating monochromator. All
the electric measurements were performed using comput-
erized equipment package consisting of multimeters Tek-
tronix CFG 253, Keitley 2000, Metex MXD 4660, and
oscilloscope Tektronix TDS 3032B.

3. Results and discussion

Studies revealed that manufacturing of hidden porous
silicon structure improves the solar cell performance e�-
ciency. The maximum power output in the samples V7,
V8, and V11 increases by approximately 9, 20, and 61
percent, respectively, compared to samples before addi-
tion of porous silicon derivative, was observed by anal-

ysis of current�voltage characteristics of the samples il-
luminated by xenon lamp light. As seen in Table, the
samples di�er only by the current density of the second
etching step. Other parameters, such as the �rst stage
current density, light intensity and etching times were
�xed. Etching current density determines the etching
rate and porosity of the etched layer when etching sili-
con electrolytically [15]. Consequently, samples V7, V8,
and V11 di�er only by thickness and porosity of hidden
porous layer. Therefore, we observe di�erent increase in
conversion e�ciency due to di�erence in buried porous
layer thickness and their porosity.
Current�voltage characteristic measurements in di�er-

ent spectral regions provide the information about the
properties of the hidden porous silicon layers and their
impact on the solar cell e�ciency. An example of the
measurement data is shown in Fig. 1 for the sample
V11. Only part of a total of 66 curves are shown in
Fig. 1 for illustration. We have built the families of
curves Pmax−λ(U) at individual wavelengths λ of the
excitation radiation, for every sample including the ref-
erence (unmodi�ed, V12) one, following usual plotting
of the solar cell output power P calculated from the so-
lar cell current�voltage characteristic dependence on volt-
age [16]. Using these charts, the plots of the maximum
solar cell output power Pmax dependences on wavelength
λ have been found re�ecting spectral dependence of the
conversion e�ciency.

Fig. 1. Current�voltage characteristics of modi�ed sil-
icon solar cells illuminated by spectrally resolved light.

The curves obtained are shown in Fig. 2 for the indi-
vidual modi�ed samples as well as for reference sample
V12. As shown in Fig. 2, the dependence of solar cell's
maximum output power Pmax on wavelength λ of modi-
�ed sample V7, V8, and V11 qualitatively reproduces the
corresponding dependence of the reference sample V12.
There is, however, no equal numerical correspondence
at speci�c wavelengths. The generated output power
changes signi�cantly in whole spectral range ∆λ = 500�
1125 nm. It means that the impact of hidden porous layer
di�ers for individual samples, depending on the hidden
porous layer thickness and porosity. We calculate the
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Fig. 2. Maximum power output Pmax dependence on
wavelength λ of illuminating light in modi�ed and un-
modi�ed silicon solar cells. Samples: V7, V8, V11 �
modi�ed by hidden porous silicon structure, V12 � un-
modi�ed reference sample.

Fig. 3. Relative increase in solar cell generated power
output in modi�ed silicon solar cells versus illuminating
light wavelength λ.

ratios Pmax/Pmax 0 at di�erent wavelengths in order to
highlight the peculiarities in spectral dependence of the
light conversion e�ciency.

The results of calculations are shown in Fig. 3. It
is clear that the increase in generated power output of
modi�ed solar cell is uneven in di�erent spectral re-
gions of excitation light. The generated power output
increases extremely highly in short wavelength spectral
range ∆λ = 500�650 nm, whereas its value is remarkably
smaller in the rest of spectral range ∆λ = 650�1000 nm.
Afterwards, conversion e�ciency increases to some ex-
tent again at wavelengths of 1000�1125 nm, as seen in
the �gure.

Let us consider e�ects which may be responsible for
improvement in solar cell conversion e�ciencies of mod-
i�ed solar cells and its spectral features. We assume
that this is the aggregate result of several e�ects. The
e�ects which determine extremely high conversion e�-

ciency gain in short-wavelength range ∆λ = 500�650 nm
will be analyzed at �rst. There are two plausible ex-
planations for such result. The �rst one is a reduction
in the surface recombination rate based on lower light
absorption in porous area. Actually, in porous material,
the light passes through the material, as well as the gaps.
The gaps do not su�er from light loss. However, the light
goes an additional distance in�uenced on the value of the
absorption coe�cient in the expression of Bouguer's law.
Based on such assumption, the absorption coe�cient α∗

within the porous material may be written as an approx-
imate expression

α∗ = α(1−A), (1)

where α is absorption coe�cient in bulk material, A de-
notes porosity. Therefore, the optical path length d∗ in
porous material will be

d∗ = 1/α∗ = 1/[α(1−A)]. (2)

The calculated optical path length in porous silicon is
depicted in Fig. 4 for some wavelengths of incident light.
As we can see, incident light penetrates deeper in the so-
lar cell with porous emitter area. Deeper light penetra-
tion is particularly important in short-wavelength part of
spectrum. That is, because the short-wavelength quanta
are absorbed very close to the solar cell surface and the
generated carriers are mainly lost due to the surface re-
combination. The absorption coe�cient α is of the order
of 104 cm−1 in silicon at wavelength of ≈ 500 nm, mean-
ing that the optical path length is approximately 100 nm.
Based on applied technology, the porosity of silicon layers
is about 50�75% in our samples [14]. Numerical calcula-
tion according to (2) results in an increase of optical path
length by 2�4 times at this porosity. It means that the
carrier generation area of the short-wavelength quanta
gets closer to the solar cell p�n junction. Thus, photons
take on a more favorable opportunity to participate in
creating energy of the solar cell. Please note that this
conclusion is compatible with results concerning reduc-
tion of surface recombination in porous silicon published
in following papers [8].

Another e�ect which increases the conversion e�ciency
of modi�ed solar cell in short-wavelength part of spec-
trum is possibly manifestation of selective antire�ection
properties of porous silicon structure. A porous silicon
layer has a lower re�ection and refractive indices than
bulk silicon [15]. These circumstances allow the produc-
tion of optical elements made of porous silicon, such as
antire�ection coatings and the Bragg mirrors [11, 16].
The results presented in Fig. 3 show that enhancement
of solar cell power output in short-wavelength part of
spectrum have the obvious optical selectivity features.
It is well known that antire�ection coating is made of
quarter wavelength layers with di�erent refractive indices
[3�5, 16]. We evaluate how porous silicon layers satisfy a
quarter wavelength condition in our solar cells. As it is
seen in Fig. 3, the greatest enhancement in e�ciency of
the solar cell is experienced in the vicinity of wavelengths
of 550 nm. So quarter wavelength porous layer may be
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Fig. 4. Optical path length d∗ = 1/[α(1 − A)] depen-
dence on porosity in the porous silicon at di�erent wave-
lengths λ with respect to material porosity.

at about 70�100 nm thick, taking into account that re-
fractive index of porous silicon of porosity A > 50% is
about 2 [16]. This assessment matches the porous layer
thicknesses predetermined by porous silicon technology
conditions used in our experiments [14].
Another e�ect governs the solar cell power output en-

hancement in middle and infrared wavelength regions of
light spectrum. It is the light scattering in porous layer.
Since, the incident light in porous silicon layer does not
only penetrate the layer, but experiences both re�ection
and refraction, it results in a scattering of a light beam in
greater spatial angle compared to the initial one [17]. The
scattering of light at greater angle changes propagation
direction lengthwise, in respect of the plane of p�n junc-
tion. Thus the less absorbable light quanta are absorbed
closer to the plane of the p�n junction as a result. This
e�ect called �light trapping� was systematically studied
in the papers [9]. The scattering cross-section is propor-
tional to the wavelength squared, so the �light trapping�
e�ect gets brighter in the middle and infrared wavelength
regions of light spectrum. We can also observe some ad-
ditional enhancement of solar cell power output in the
infrared region close to λ = 1100 nm. This data fully
satis�es the earlier results and con�rms the conclusions
made in the papers [5, 6, 9].
As shown in Figs. 2 and 3, the solar cell specimens pro-

duced di�erent power outputs although the illuminated
area was practically identical. The enhancement of power
output in respect of the reference sample is also di�erent.
As was stated above, the samples di�er by hidden porous
silicon layer thickness and porosity, which is caused by
the di�erence in etching current density. These observa-
tions show that the porous silicon derivatives and their
impact on solar cell e�ciency can be changed by con-
trolling the technological parameters to �nd the optimal
e�ect of this option.

4. Conclusion

The combined porous silicon structure was manufac-
tured in such way that its main part was hidden in the

solar cell emitter volume. Spectrally resolved studies of
current�voltage characteristics were carried out. It re-
vealed that the hidden porous silicon structure essentially
enhances the electrical power output generated by solar
cell. The enhancement of solar cell power output is ob-
served in wide spectral range ∆λ = 500�1125 nm. The
greatest relative increase in power output was detected in
the short-wavelength range ∆λ = 500�650 nm. This re-
sult was explained by short-wavelength light penetrating
closer to the p�n junction and by selective antire�ecting
impact of porous silicon derivatives. The enhancement
in middle and infrared wavelength range is explained
by �light trapping� e�ect because of light scattering in
porous silicon structure.
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