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The meso-porous silicon layer (PS) is a promising material to reduce the surface reflectance of solar cells. PS
layers were grown on the front surface n+ emitter of n+-p
mono-crystalline Si junction. Single layers PS antireflection coating (ARC) achieved around 8% of effective reflectivity in the wavelength range between 400 to
1100 nm. To improve the stability and the passivation
properties, and to reduce the reflectivity of PS ARC, the
design of PECVD silicon oxide (SiOx) and silicon nitride
(SiNx:H) layers were investigated. Optimised SiOx and
SiNx layer deposited on PS decreased the effective reflec-

tivity respectively to ~3.8% and ~7% between 400 and
1000 nm. Open circuit voltage (Voc) measurements were
carried out on all the samples by suns-Voc method and
showed an improvement of 20% of the surface passivation quality brought by the nitride layer after rapid thermal anneal (RTA). Using the experimental reflectivity
results and taking into account the surface passivation
quality of the samples, numerical simulations predict an
enhancement of the photogenerated current exceeding
49% for the PS/SiOx stacks.
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1 Introduction Porous Silicon (PS) is a nanostructured material that has interesting applications in optoelectronics and photovoltaics [1-5]. Particulary it can be applied on silicon solar cells as an antireflection coating, due
to low average reflectance values.
Conventionally, the PS layer has been formed by electrochemical etching and chemical etching [6]. The chemical
method though being well adapted to mass production,
present a major drawback. Menna et al [7] showed that
within a given set of conditions, the simultaneous control
of the PS parameters (thichness and porosity) is difficult to
achieve. The electrochemical etching is advantageous for
forming the PS layer under controlled conditions by adjusting the current density, which is a key formation parameter determining the PS porosity.
Recently, it has been shown that porous silicon antireflection coating (ARC) prepared by electrochemical etching on

a laboratory solar cell could replace the texturization (random pyramids on mono-crystalline silicon or isotropic
etching on micro-crystalline silicon). Indeed PS possesses
some advantages: (i) better uniformity [4] (ii) create simultaneously a selective emitter and an antireflection coating
[6-10] (iii) enlarge the spectral sensitivity region of the solar cell [6] and (iv) a better control of the parameters (porosity and thickness) leading to an optimum ARC [7].
However, the surface recombination velocity strongly increases when using PS layers, due to the roughness of the
surface [11-13]. The optical properties of PS layers may
also degrade in time when no further treatment is used,
such as rapid thermal oxidation (RTO), nitridation, anodic
oxidation, thermal carbonization [14-16]. These treatments
may be efficient in terms of surface passivation, but exhibit
many drawbacks: severe conditions of elaboration leading
to the degradation of the porous silicon layer properties,
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

L. Remache et al.: Optical and passivation properties of antireflective p-Si coatings for Si solar cells

solidi

since these treatments generally imply a high temperature
step [6]. In this context silicon nitride SiNx:H and silicon
oxide SiOx films deposited by plasma enhanced CVD
(PECVD) on porous silicon surface are of interest: (i) high
chemical stability [16-18], (ii) good surface passivation before and after annealing [19,20], (iii) refractive indexes
suitable for low reflectance antireflection coating (iv) and
deposition by a low thermal process (PECVD) on PS,
without deteriorating the optical and structural properties
of the underlying PS [17,21].
This work aims to study the impact of the SiNx and the
SiOx layers on the surface passivation of the PS layers. The
technical method used for the front contact metallization
on the PS layer was not optimised, and led to the degradation of the electrical quality of the metal contact. We have
thus preferred to characterise the influence of the dielectric
layers on the surface PS by using an indirect method: the
measurement of the implied open circuit voltage Voc. This
was measured by the Sinton Suns-Voc method [22], and
gives information on the surface passivation quality.
2 Experimental The experiments were carried out on
CZ (100) p-type silicon substrates, with a bulk resistivity
of 1-10 Ωcm. The emitter was created by diffusion at
850 °C for 20 min, in an open quartz tube using liquid
POCl3 as the doping source. This results in a sheet resistance of 45 Ω/. The junction depth in both cases was
around 0.3 µm. After diffusion the parasitic junction and
the phosphorus silicate glass were removed in dilute HF. In
order to allow homogeneous electrochemical porosification
of the silicon surface, an aluminum layer was evaporated
under vacuum on the back side of the sample and was subsequently annealed in air at 750 oC to establish an ohmic
contact. This Al back contact was connected to a constant
current source. PS was grown on the front polished side by
using a solution of HF (48%) and C2H5OH (3:1 or 4:1 in
volume) in a Teflon electrochemical anodization cell. A
platinum wire was used as a cathode at a distance of 2 cm
from the Si wafer surface, which acted as the anode. In order to grow PS layers with different thicknesses, a set of
experiments was performed by using a constant current
density of 20 mA/cm2 during different anodization time:
3.5 to 12 s. SiOx and/or SiNx films were then deposited in a
vertical semi-industrial low Frequency PECVD reactor (LF
– PECVD) at 440 kHz from SEMCO Engineering (described in [23]), using pure silane (SiH4) and nitrous oxide
(N2O) or silane and ammonia (SiH4, NH3) as precursors
gases. The deposition was made on the PS surface freshly
prepared, at 370 °C with a power density of 0.26 W/cm2, a
pressure of 1500 mTorr, and a N2O/SiH4 gas flow ratio
equal to 25 for SiOx, and NH3/SiH4 gas flow ratio equal to
5 for SiNx:H.
In order to optimize the ARC parameters (optical indexes
and thicknesses), simulations based on the stratified medium theory and the Bruggeman effective medium approximation (EMA) [24], are carried out in the wavelength
range between 350 and 1100 nm. The PC1D software was
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

used to estimate the expected values of the photocurrent of
the solar cells [25]. The PS thickness and porosity, the oxide and nitride thicknesses were measured by a Jobin Yvon
Uvisel Ellipsometer using the Bruggemann effective medium approximation model (EMA) in the range of 1.5 to 5
eV. The total reflectance was measured within the 400–
1100 nm wavelength range with an integrating sphere. The
effective reflectance (Reff) is calculated by integrating the
reflectivity values balanced by the Sun global irradiance
(AM1.5g spectrum). The front side metallization of the solar cells was made by evaporation of Ti/Pd/Ag contacts
followed by a sintering step in air at 450 °C. The photovoltaic pseudo-parameters (open circuit voltage Voc and
pseudo Fill-Factor FF) were measured using a Sinton
Suns-Voc Stage model WCT-120.
3 Results and discussion
3.1 Optical results
3.1.1 A porous silicon layer Three essential parameters are used to optimize the antireflection properties
of porous silicon: the HF concentration in the ethanol, the
current density and the anodization time. In our case two
solutions are used: HF (48%): C2H5OH = 3:1 or 4:1 in volume. To obtain the adequate refractive index for the PS,
the current density is fixed at 5mA/cm2 or 20mA/cm2, and
the thickness of the layer is controlled by the anodization
duration. Figure 1 shows the variation of thicknesses according to the anodization time. We notice that the thicknesses are very sensitive to the variations of the anodization time using 20mA/cm2 as the current density. The average growth kinetics is around 14nm/s. However the
thickness varies slightly versus the anodization time when
the current density is fixed at 5mA/cm2. Our calculations
showed that the optimum thickness of the antireflection
coating (ARC PS) is 80 nm, which corresponds to 6s (J =
20 mA/cm2) of anodization time.
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Figure 1 Thickness E vs time t of PS growth at a constant current density of 5 mAcm-2 and 20 mAcm-2 on n+ diffused side of
(100) Si wafer.
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The reflectivity curves of the PS grown on the diffused
emitter with a current density of 20mA/cm2 and in electrolyte concentrations HF/C2H5OH of 3:1 and 4:1 are represented in Fig. 2. The best reflectance is obtained with the
second solution, and presents an effective reflectivity of
8 % (between 400 and 1000 nm) with a minimum (R ~ 0)
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Figure 2 Total reflectance spectra of : (a) PS growth in HF (48
%): C2H5OH = 3:1, J = 20 mA/cm2, t=6 s; (b) HF (48%):
C2H5OH = 4:1, J = 20 mA/cm2, t=6 s.
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Figure 3 Reflectance spectra of PS/SiOx , PS/SiNx films on n+/p
junction compared to as-grown PS.

at the wavelength of 650 nm. This solution allows to obtain
the expected value of porosity which leads exactly to the
adequate refractive index, leading to the optimization of
ARC PS layer. The effective reflectivity compared to that
of the standard ARC nitride (R=NH3/SiH4=5) is improved
by 1 % absolute.

tive reflectance of 3.8% in the 400-1000 nm wavelength
range. However the optimised SiNx film (45 nm) deposited
on PS ARC is less efficient and improves the effective reflectance around 12%.
Sterhlke and co-workers have reduced the effective reflectivity to 2.7 % by using double layers PS ARC with a total
thickness of 160 nm in the range 400-1000 nm [26]. However such a thickness of PS may risk to degrade the properties of the underlying n+ emitter of the solar cell, which is
generally 300 nm-thick. On the other hand the best result
obtained in the literature for a double SiNx/SiOx ARC layer
on polished silicon is Reff = 6.3% in the range λ=400-1000
nm [23].

3.2 Surface passivation results We have shown
3.1.2 B PS/SiNx and PS/SiOx structures In order that a low reflectivity can be obtained using PS/SiNx:H and
to improve the reflectivity of a single ARC PS, a double PS/SiOx structures leading to an increase in the photogenPS layer can be grown on the top of the silicon n+/p junc- erated current. We must then study the effect of such struction. However this kind of coating can lead to a degradati- tures on the electrical performances of the solar cell. The
on of the n+ emitter by reducing its thickness, and do not photovoltaic pseudo-parameters Voc and FF obtained with
insure a good surface passivation. The deposition of a sili- different structures are presented in Fig. 4.
con nitride (SiNx:H) and a silicon oxide (SiOx) layers over
to the PS layer may be an alternative solution. The silicon
oxides and the silicon nitrides deposited in our reactor
LF-PECVD present a large range of refractive indexes
(respectively between n=1.47-2 and n=1.84-3 at λ=633
nm), and present also a very weak absorption in the range
300-1100 nm. These layers can thus be used on the top of
the PS layer, to realize refractive index adaptation for reflection minimisation. Using the simulation methods
based on the stratified medium theory and the Bruggeman
effective medium approximation (EMA) [24], we have
optimized thicknesses for both SiNx and SiOx layers
(45 nm and 105 nm respectively). Experimental reflectivity results obtained after deposition are presented in Fig. 3.
The reflectivity curves shows that the oxide film (105 nm)
deposited on PS ARC improves the reflectivity of 55%, Figure 4 Parameters suns-Voc obtained in a junction respectively
compared to the single layer PS ARC, leading to an effec- before and after RTA with PS before (a) and after (b) annealing, (c)
PS/SiOx, (d) PS/SiNx.
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The values show that the silicon nitride and oxide films
deposited on the PS layers partly improve the surface passivation, leading to an increase of Voc, from 460 to 545 mV.
This passivation enhancement is related to the high content
of hydro-gen in the SiNx:H layers: H diffuses within the
thin PS layer and passivates the dangling bonds. In fact the
Si-H bonds are strongly correlated to the passivation quality and can be used as surface passivation indicators [23].
The improvement of the Voc value caused by the oxide
films can be explained by the presence of the Si-O bonds
which passivates the dangling bond within PS. The SiOx
also contains around 4% atomic of hydrogen [27], which
diffuses within the PS-Si layer and increases the number of
Si-H bonds which is initially formed during the formation
of PS [17], thus enhancing the surface passivation of the
pores.
We have also compared the Voc values for the PS layer before and after an annealing step carried out in a halogen
lamps furnace at 800o C for 30 s. An increase of the Voc
value from 461 mV to 507 mV is observed, which could be
related to the improvement of the surface passivation quality. However this treatment degrades the pseudo fill factor
FF, and requires a better optimization of the annealing step.
The pseudo-Fill factor is of 79.1% for the PS layer, it decreases slightly for the PS/SiOx and the PS/SiNx structures
in comparison with the pseudo-FF mentioned in the literature (~81%) [28], indicating that no serious recombination
problem in the space-charge region existed and there was
also no pronounced shunting, which confirms that the diode quality is excellent for all the structures.
In order to further investigate the impact of the dielectric
layers on the surface passivation, we have performed FTIR
analysis of the different structures (PS, PS/SiNx and
PS/SiOx). The spectra were obtained with a Vertex 80
FTIR spectrometer, and are presented in Fig. 5.
The band in the 1040-1150 cm-1 range is assigned to the
stretching vibration mode Si-O [29-31]. A clear increase of
this intensity peak is observed for the PS/SiOx layer, which
is related to the high oxygen content in this layer, which
contributes to the surface passivation. In addition a strong
Si-N resonance is also observed between 830-860 cm-1
(stretching mode with Si3N4) [29,31,32] in PS/SiNx structure, related to the high nitrogen content of the SiN.
On the other hand the relatively weak peak Si-H observed
at 870 cm-1 bending vibration [33] in PS/SiOx and PS/SiNx
show that the major part of hydrogen is diffused into the
PS interface, and the dangling bonds Si-H are substituted
by the compact Si-O and Si-N dangling bonds leading to
an improvement of the surface passivation. The peak Si-O
in the range 1040-1150 cm-1 observed in the PS layers before and after annealing at T = 800 oC show the increase of
Si-O bonds in the PS after RTA. However the Si-H peak at
870 cm-1 is decreased in the same structure, indicating the
substitution of Si-H by the Si-O dangling bonds which is
confirmed the improvement of the passivation PS films after annealing.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3.3 Photocurrent calculation Following these results, PC1D program [25] was used to estimate the values
of the photocurrent. The cell structure used for the simulation is: thickness = 220 μm, resistivity = 2.5 Ωcm, emitter:
n-type, 3x1020 cm-3. We consider that the majority of the
photons absorbed in the porous Si layer do not contribute
to the photo-generated current. Consequently one must
take into account the effective transmittance of the PS/SiOx
and PS/SiNx stack (T=1-R-A) calculated for each samples
for the evaluation of the photocurrent. The photocurrent
values presented in the Table 1, compared with a polished
silicon surface, shows an improvement nearly 43% and
49% respectively for the PS/SiNx (45 nm thick SiNx
layer) and PS/SiOx (105 nm thick SiOx layer). This result
can be explained essentially by the lower reflectivity obtained by this structures.
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Figure 5 FTIR transmission spectra of structure (a) PS/SiOx, (b)
PS after annealing, (c) PS, (d) PS/SiNx:H.
Table 1 Δjsc/jsc was calculated in comparison with the n+/p photo
current Jsc corresponding to the non treated silicon surface.

9.1

Jsc(mA/cm2)
33.4

ΔJsc/Jsc(%)
42.7

PS

8.0

29.8

27.4

PS/SiOx

3.8

34.7

48.7

PS/SiNx

7.0

33.4

42.7

Samples
SiN(reference)

Reff(%)

4 Conclusion The deposition of the ARC SiOx and
SiNx RF-PECVD was successfully carried out on porous
silicon layer. Investigations of the reflection spectra
showed that the optimum results can be obtained with electrochemical anodization of PS and RF-PECVD of SiOx
ARC layers. Effective reflectivity as low as 3.8% is obtained, which can lead to an expected improvement in
short-circuit current of ~ 49%, compared to a bare silicon
surface. The combination of porous silicon with dielectrics
www.pss-c.com
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layers allows to increase the surface passivation quality
(Sun-Voc increase of ~ 20%). We obtain thus better reflectivity results than with a double PS layer, with a minimisation of the surface degradation.
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