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Efficient AntiReflection Coatings (ARC) improve the light 
collection and thereby increase the current output of solar 
cells. For solar cells, broadband ARCs are desirable for ef-
ficient application over the entire solar spectrum. As pre-
viously demonstrated, such broadband ARCs can be made 
by electrochemical etching of Porous Silicon (PS) with 
graded refractive index. However, for efficient production 
there are a number of processing considerations which 
needs to be addressed. In this work the effects of electro-
lyte aging and sample inhomogeneities are investigated 

and quantified, using spectroscopic ellipsometry. A range 
of PS properties are extracted from the ellipsometric data 
by use of a graded Bruggeman Effective Medium model. 
Significant changes in porosity and thickness are detected 
and attributed to electrolyte aging. A positive correlation 
between thickness and porosity indicates that inhomoge-
neities across the sample are due to local variations in cur-
rent density or HF concentration. Multilayered PS samples 
show smaller horizontal variations in porosity and thick-
ness than single PS layers in our setup.  

 

Copyright line will be provided by the publisher

1 Introduction A cardinal goal for photovoltaic 
power production is to reach grid parity. Two routes exist 
to reach this goal; higher efficiency and lower production 
costs. Multilayer AntiReflection Coatings (ARCs) are not 
in widespread use in solar cells today because of cost and 
absorption considerations. Through a simple one-step pro-
duction of broadband ARCs, Porous Silicon (PS) holds the 
potential to boost solar cell efficiency while keeping ex-
penses low [1, 2]. Variation of current density during etch-
ing results in controllable variations in porosity, which 
again are directly related to the refractive index of the PS 
layer. This gives a unique opportunity to tailor the refrac-
tive index of the resulting ARC. We have previously 
shown that ARCs with an integrated reflection of 3 % over 
the solar spectrum can be produced in a single electro-
chemical process step, see Figure 1 [3]. However, small 
differences still exist between the modelled and the fin-
ished PS ARCs and we therefore aim to determine the 

source of these deviations to improve the fabricated layers 
further.  

Figure 1 Designed and measured reflectance of optimized graded PS ARC 

[3]. Single layer PS ARC and bare Si included for comparison. 
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To achieve efficient manufacture of multilayer PS 
ARCs, the process parameters must be tightly controlled as 
the porosity and etch rate of PS are very sensitive, not only 
to current density, but also to electrolyte composition, 
temperature and wafer resistivity [4, 5]. In this work we 
take a closer look at some processing issues related to 
processing of PS in general and specifically to multilayer 
ARCs. We study the repeatability and the homogeneity of 
the PS formation process and the effects of electrolyte “ag-
ing” on the physical properties of PS. Ultimately, homoge-
neity and repeatability would be crucial for commercial 
implementation of PS ARCs. However, knowledge about 
these issues is also necessary for accurate analysis of other 
trends and effects, such as possible variations in electrolyte 
composition in the etching cell with time. As electro-
chemical etching of PS is commonly carried out in cells 
containing several liters of electrolyte, frequent renewal 
the electrolyte may be both expensive and time consuming. 
A stable system with high repeatability is essential in most 
applications and the lifetime of the electrolyte must there-
fore be an optimization of expenses versus repeatability.  

To accurately detect and interpret small changes the 
physical properties of complex materials such as Porous 
Silicon (PS), ellipsometry is a well suited tool. Abundant 
data and accurate models are essential to achieve the de-
sired information. It is well known that the physical prop-
erties of the PS samples can be modelled by use of the 
Bruggeman Effective Medium Approximation (BEMA) [6, 
7].  Both the single and multi PS layers presented here are 
modelled using BEMA. 

 
2 Experimental Wafers are etched using a vertical 

double cell electrochemical etching system, PSB Plus 4 
from Advanced Micromaching Tools (AMMT), see Figure 
2. Single PS layers can be produced by applying a constant 
current density during etching, while multilayers can be 

obtained by varying the current density. The graded struc-
ture is previously optimized for use as antireflection coat-
ing for solar cells. A detailed description of the formation 
and structure of the multilayers can be found in [3]. The 
special purpose potensiostat, PS2 from AMMT, allowed 

programming of current density profiles with a time reso-
lution of 50 ms. The electrochemical etching cell is de-
signed for 3.4 liters of electrolyte. The samples fabricated 
for this work were round with a diameter of ~ 2.2 cm. Lar-
ger samples can also be made using this setup. The wafers 
used were boron doped, 300-550 μm thick, one side pol-
ished, monocrystalline silicon with a (100) orientation. 
Four point probe measurements were used to determine the 
resistivity range to 0.012 - 0.018 Ω·cm. As starting point, 
the electrolyte consisted of 40 % HF (wt. 49 %) and 60 % 
ethanol by volume. For all samples a two minute dip in 
5 % HF was performed immediately before the PS-etch, to 
remove native oxide. Spectroscopic ellipsometry was car-
ried out on each sample within a few days. The ellipsomet-
ric data was collected using a Woollam Variable Angle 
Spectroscopic Ellipsometer (VASE). We used five angles 
of incidence, 60º, 65 º, 70º, 75º, and 80º, in the wavelength 
range 300-1200 nm. The beam used for ellipsometric 
measurements has a diameter of 0.4 cm.  

 
2.1 Ellipsometry Ellipsometry is based on measuring 

changes in polarization due to interaction with the sample 
surface. This change is measured as the ratio of the Fresnel 
coefficients for parallel (rp) and perpendicularly (rs) polar-
ized light. The ratio is usually given in terms of the ellip-
sometric parameters Ψ and Δ: 

).exp()tan(/  irr sp    (1) 

Physical parameters, i.e. optical and microstructural prop-
erties, are not immediately given, but must be deduced 
from the measured data by modelling. In the BEMA model 
the refractive indices of Si and air are used to find an effec-
tive medium refractive index. This approximation is only 
valid for wavelengths much larger than the air inclusions 
or pores. Thickness, porosity, depolarization factor and 
thickness uniformity are the parameters fitted within the 
model. Initial guesses on thickness, porosity and depolari-
zation are found from gravimetric studies, scanning elec-
tron microscope (SEM) images and transmission electron 
microscope (TEM) images.  

 3 Results  

 3.1 Repeatability To assess the repeatability of the 
PS formation process, eight nominally identical single 
layer PS samples were etched at a current density of 50 
mA/cm2 for 15 seconds. Ellipsometry was then performed 
at four points (r = 0.2 cm, θ = 0º, 90º, 180º and 270º) on 
each sample. From the averaged porosity and thickness of 
the eight samples we made an assessment of the repeatabil-
ity. In a 90 % confidence interval the porosity and thick-
ness were found to be 58.4 ± 0.9 % and 619 ± 9.5 nm, re-
spectively. This corresponds to a process uncertainty of 
1.5 % (90 % cl.) for both thickness and porosity. This un-
certainty is included in the total uncertainty assessment of 
the values reported in the electrolyte aging experiment.  

Figure 2. The top of the electrochemical etching cell. The lid to the right

and the left are fastened by screws, the lid in the middle is unfastened to

provide access to the sample mounting stage.  
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3.2 Sample Homogeneity A study of the homoge-

neity, in porosity and thickness, of single and multilayer 
PS samples were undertaken using ellipsometric measure-
ments at 32 different spots on each sample. The thickness 
and porosity variations over two samples, one single layer 
and one multilayer PS sample, are displayed in Figure 3 
and 4. The ellipsometric studies of the homogeneity of the 
samples show significant variations in thickness and aver-
age porosity. In the single layer, the porosity varies by 
3.3 % absolute, 5.4 % relative. For the graded layer, the 
average porosity of each layer is used and we find a varia-
tion of 1.3 % absolute, 2.2 % relative. The variation in 
thickness is 10.2 % over the single layer and 7.1 % over 
the graded layer. This shows that macroscopic properties 
of t e graded PS layers intended for solar cell ARCs are 
less

h
 sensitive to local variations than single layers during 

etching.  

 

Figure 4 shows that the variation in thickness and po-
rosity is correlated; the thicker areas also have higher po-
rosity. This indicates that the inhomogeneities are due to 
variations in current density over the sample. If the inho-
mogeneities were due to variations in local HF concentra-

 

F

l

PS sample optimized as ARC for silicon solar cell applications.

Figure 3 Map over the porosity and thickness variations over 4 cm2

samples

gra

the 

gives the value at each point in nm (thickness) and % (porosity).  

. 

 of (a, b) a single PS layer etched at 50 mA/cm2 and (c, d) a

ded PS layer.  The axis dubbed “vertical” and “horizontal” refers to 

location on the sample in cm from the centre. The y-axis to the right

igure 4. Correlation between thickness and porosity for (a) a single 

ayer PS sample etched at 50 mA/cm2 for 15 seconds and (b) a graded 
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tion or resistivity, an anti-correlation would be expected. 
The variations indicate that care must be taken to obtain 
measurements from the same areas of the sample to study 
trends between samples. In further work, therefore, ellip-
som tric data is gathered at four points in a radius of 2 mm 
from

variation in the layer thickness of the samples due to in-
homogeneous current density in the fabrication cell [8]. On 
single PS layers the total visual width of the rings are typi-
cally 1-2 mm. On graded layers these rings are visually 
much less pronounced. The outer edges of the samples are 
not included in the ellipsometric homogeneity assessment.  

 
3.3 Electrolyte Aging To study aging of the electro-

lyte, twelve PS samples taken from three nominally identi-
cal wafers were etched at a current density of 50 mA/cm2 
for 15 s over a time span of six weeks, using the same elec-

trol

from

aging of the elec-
trolyte for about a week and then stabilize at around 55 nm.  

Figure 6a shows a TEM image of the sample etched in 
the 3 days old electrolyte with the Si/PS interface at the top. 
Figure 6b shows the interface between PS and Si in more 
detail. TEM images of a sample etched in a six weeks old 
electrolyte are also obtained, but the porosity difference of 
approximately 6 % absolute is too small to be detected by 
visual inspection of the TEM images.     

me of the electrolyte reser-
voi

e
 the centre of the sample and averaged. The centre of 

the sample is determined by eye measure.  
At the outer rim on the surface of each PS sample, thin 

rings are visible. This is a well known effect caused by 

yte. After modelling the ellipsometric data, relevant PS 
parameters can be fitted. The resulting evolution of poros-
ity, thickness and PS/Si interface width of the single layer 
versus time elapsed is shown in Figure 5. The error bars 
are the combined uncertainties of the standard deviation of 
the four measurements, the modelling uncertainties given 
by VASE and the previously determined process uncer-
tainty.   

From Figure 5a, we see that the porosity shows a 
clearly decreasing trend and a relative difference of 15.5 % 

 the first to the last measurement. The thickness shows 
an increasing trend with a relative difference of 29.9 % 
from the first to the last measurement. The trends in thick-
ness and porosity seem relatively robust and clearly exceed 
the estimated uncertainties. The interface widths shown in 
Figure 5c are slightly more ambiguous. The widths of the 
PS/Si transitions seem to decrease with 

 
 4 Discussion. The decreased porosity and increased 

thickness are in accordance with the effect expected from 
an increased HF concentration [8]. This could result from 
evaporation of ethanol from the solution due to the higher 
vapor pressure of ethanol compared with HF and water. A 
relative increase in HF concentration is therefore expected. 
Other potential sources of influence on the PS are changes 
in electrolyte composition due to dissolved silicon and 
chemical etching. Changes of the electrolyte properties due 
to dissolved silicon are very unlikely significant as only 
small amount are dissolved in the cell over the elapsed 
time span compared to the volu

r. We have previously studied the effect of chemical 
etching and found it to be insignificant for etching times 

Figure 6. Bright field TEM image of PS etched in electrolyte of age 

three days. (a) the overall structure and (b) the PS/Si interface.  

Figure 5. Evolution of (a) porosity 

widths with aging of the electrolyte. The measured data points are

marked; the logarithmic lines are drawn as a guide to the eye.

and (b) thickness and (c) interface
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ope the first week after mixing 
of t

 substrate and PS is visible in 
the

dies are generally performed by mechanical and 
opt

m PS 
terfaces may degrade the optical performance of a given 

ev

ing are studied by use of variable angle spectroscopic ellip-

rate of the PS sam-
ples

ol, 
HF

espon-
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entical 
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less than 30 s. All samples are removed from the cell im-
mediately after etching (< 10 s) to avoid any chemical 
etching effects. All values are averages of four measured 
points on each sample. The main PS layer has a small po-
rosity gradient and it is the average porosity which is re-
ferred to in the Figure 5a.  

 The variations in porosity and thickness are non-linear 
in time with the steepest sl

he electrolyte. The first week the relative variations are 
10.7 % for porosity and 14.9 % for thickness. The rate of 
change then decreases in the following weeks. One effect 
which may contribute to this trend is that as the ethanol 
concentration continuously decrease and the rate of change 
of HF therefore also decrease. It is unclear whether this ef-
fect alone could be responsible for the logarithmic appear-
ance of the measured data. 

At the surface and PS/Si interface, larger gradients in 
porosity give the best fit in the ellipsometric model. The 
transition between the silicon

 porosity profile as a region of lower porosity in the part 
of the PS layer closest to the substrate. There is also a tran-
sition region between PS and air, marked by an increased 
porosity. To reduce parameter correlation, the width of this 
transition region is not fitted. Values are set based on re-
sults from previous ellipsometry and TEM images. The 
PS/air transition region is generally slightly thinner than 
the PS/Si transition region.  

The TEM images show the roughness of the PS/Si in-
terface to be in the order of 50 nm, which is in good accor-
dance with the results of the ellipsometric models. Many 
studies have looked at the roughness of the PS/Si interface. 
These stu

ical measurements after removal of the PS layer [9, 10]. 
In the ellipsometry performed here, the roughness is mod-
eled simply by allowing the percentage of air to vary 
through the sample. The transition regions are marked by a 
sharp increase in the refractive index gradient. It is not 
given that the results obtained by this method are directly 
comparable to measurements performed after removal of 
the PS.  

The transition region between PS/Si is of special inter-
est for solar cell applications. Often light diffusion fro
in
d ice [10]. However, in the case of ARCs for thin solar 
cells, a highly spreading interface can be advantageous as 
this increase the light path of the rays entering the cell. 
Further work is needed to determine the exact effect of this 
spreading on the light path enhancement in solar cells. The 
PS/Si interface could then be tailored with the aim of op-
timized light diffusion at given wavelength ranges.   

 
4 Conclusions Broadband PS ARCs are highly effi-

cient on sample level, but the process needs evaluation in a 
more realistic production setting. Local variation of etch-
ing parameters, repeatability and effects of electrolyte ag-

sometry. Electrolyte aging clearly displays itself in a de-
creasing porosity and increasing etch 

. These are the same changes in PS properties as is ex-
pected for an increased HF concentration in the electrolyte. 
The differences in PS properties with aging of the electro-
lyte are therefore attributed to an increasing HF concentra-
tion due to the differences in vapour pressure of ethan

 and water. The effect is demonstrated to by significant, 
even over the duration of a few days.  

Local variations in current density seem to be r
e for the detected sample inhomogeneities. Multilay-

ered PS samples are found to be more homogeneous than 
single layers, indicating that the multilayered PS used for 
our ARCs is less sensitive to local parameter variations. 

 The repeatability of PS layers etched under id
co itions is generally good with variations in thickness 
and porosity in the order of 1.5 % for single layers. 

The results are encouraging with respect to obtaining a 
reliable and stable fabrication of multilayered PS ARCs. 
However, certain precautions, such as frequent change of 
electrolyte or monitoring of electrolyte composition, must 
be taken in order to achieve accurate reproduction.  
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Formation Kinetics 
 
The concentration and current density dependence in the formation of the dense 

surface PS region and surface oxide likely relate to the electrochemical reaction kinetics 
during pore growth, as earlier noted. The period of pore nucleation proposed by Ronkel 
and Schultze (14), 3-10 s, represents an approximate timeframe to produce the 20-30 nm 
thick dense PS layer found in this work.  
 

Analysis by van den Meerakker and Mellier (18) explored the kinetic and 
diffusional aspects in silicon etching in HF containing solutions utilizing rotating disk 
electrodes, and found a mix of kinetic and diffusional control of the dissolution of silicon, 
as Carstensen, et al. (19) and others have proposed in modelling PS formation 
mechanisms. We propose that the pore nucleation period described by Ronkel and 
Schultze (14) may represent a transitional electrochemical condition from a kinetic 
dominated surface reaction dissolution to a mixed kinetic/diffusional electrochemical 
dissolution as the concentration of reactive species adjusts to the diffusion limitations 
imposed by the nanoscaled pore confinement. Both the current density and electrolyte 
concentration dependence on the formation of the dense PS region demonstrated in this 
work are reflected in this analysis, since higher current densities and lower electrolyte 
concentrations will each shift the dynamics of the reaction by modifying the space charge 
layer formation and thickness and the kinetic/diffusion rate balance.  

 
 

Conclusions 
 

We have shown that for p+ type Si wafer etched with a relatively low current 
density, there exists a surface PS layer of lower porosity than the remaining PS structure. 
The dense PS region remains present after etching at a current density of 15 mA/cm2  for 
5 minutes. Therefore, the initial pore nucleation in PS either takes longer time than what 
has been suggested in current formation theories (a few seconds – 2.5-3 minutes) or 
formation of new pores stops before bulk PS porosity is reached. The pore growth and 
propagation can therefore not likely be explained by the fast growing model (iii) as 
suggested by Brumhead, et al. (9). Pore widening and/or porosity increase by branching 
may instead be the responsible mechanisms. The observed structure of a dense PS layer 
(and thick SiO2) layer might be due to a change in formation mechanism, from a kinetic 
dominated surface reaction dissolution to a mixed kinetic/diffusional electrochemical 
dissolution. 

Figure 6. TEM images of PS samples etched at a) 7.5 mA/cm2 and b) 20 mA/cm2 in an electrolyte 
containing 10% HF. 

A)) B)) 



 
 

Acknowledgments 
 

This work has been funded by the Research Council of Norway through the 
project “Thin and highly efficient silicon-based solar cells incorporating nanostructures,” 
NFR Project No. 181884/S10. 
 

References 
 

1. R. L. Smith and S. Collins, J. Appl. Phys., 71 (1992). 
2. X. G. Zhang, J. Electrochem. Soc. 151 (2004). 
3. U. Rossow, U. Frotscher, M. Thonissen, M. G. Berger, S. Frohnhoff, H. Munderb, 

and W. Richter, Thin Solid Films, 255, 5 (1995). 
4. J. H. Selj, A. Thøgersen, S. E. Foss, and E. S. Marstein, J. Appl. Phys. 107, (2010). 
5. D. A. G. Bruggeman, Ann. Phys. 416, 665 (1935). 
6. D. N Goryachev, L. V. Belyakov, and O. M. Sreseli, Semiconductors 34, 1090 

(2000).  
7. A. Valence, Phys. Rev. B, 52, 8323 (1995). 
8. A. Valence, Phys. Rev. B, 55, 9706 (1997). 
9. D. Brumhead, L. T. Canham, D. M. Seekings, and P. J. Tufton, Electrochimica 

Acta, 38, 191 (1993). 
10. A. Pascual, J. F Fernandez, C. R. Sanchez, J. Appl. Phys, 92, 866 (2002). 
11. C. S. Solanki, R. R. Bilyalov, J. Poortman, G. Beaucarne, K. Van Nieuwenhuysen, 

J. Nijs, and R. Mertens. Thin Solid Films 451-452, 649 (2004). 
12. D. Buttard, D. Bellet, G. Dolino, and T. Baumbach. J. Appl. Phys. 92, 866 (2002). 
13. P. Granitzer and K. Rumpf. Materials 3, 943 (2010). 
14. F. Ronkel and J. W. Schultze, J. Por. Mat. 7, 11 (2000). 
15. A. Pascual, J. F Fernandez, C. R. Sanchez, S. Manotas and F. Agullo-Rueda, J. 

Por. Mat., 9, 57 (2002). 
16. D. Kovalev et al., Appl. Phys. Lett. 78, 916 (2001). 
17. L. A. A. Petterson et al., Appl. Opt. 37, 4130 (1998). 
18. J. E. A. M. van der Meerakker and M. R. L. Mellier, J. Electrochem. Soc. 148, 

G166 (2001). 
19. J. Carstensen et al., J. Electrochem. Soc. 146, 1134 (1999). 

 



 



Paper IV





Ellipsometry, Reflectometry, and XPS Comparative Studies of Oxidation Effects on 
Graded Porous Silicon Antireflection Coatings 

 
J. H. Selja, A. Thøgersena, E. S. Marsteina 

 
a Solar Energy Department, Institute of Energy Technology, 2007 Kjeller, Norway. 

 
 
Efficient antireflection coatings (ARC) improve the light collection 
and thereby increase the current output of solar cells. By simple 
electrochemical etching of the Si wafer, porous silicon (PS) layers 
with excellent broadband antireflective properties can be fabricated. 
The close relation between porosity and refractive index, modeled 
using the Bruggeman effective medium approximation, allows PS 
multilayers to be tailored to fabricate ARCs optimized for use in 
solar cells. In this work, the effect of ageing on the reflectance 
properties of multilayered PS ARCs is studied. The reflectance is 
correlated to the oxidation of the structures through the use of x-
ray photoelectron spectroscopy (XPS) and spectroscopic 
ellipsometry (SE). It is found that even after extensive oxidation, 
very small changes in reflectance are measured.  
 
 

Introduction 
 
It is well known that PS surface layers can drastically reduce the reflectance from Si 
wafers, by acting as an antireflection coating (ARC). Reduction of optical losses is of 
principal importance in Si solar cells and cost-efficient processes are particularly sought 
after. PS can offer both. It is commonly formed by electrochemical etching of Si in an 
electrolyte containing hydrofluoric acid (HF). The structure is very sensitive to etching 
parameters such as current density, electrolyte composition, temperature and substrate 
doping. Variation of current density during etching results in controllable variations in 
porosity, which again can be related to the refractive index of PS by effective medium 
approximations (EMA) (1). This gives us a unique opportunity to tailor refractive index 
profiles and create broadband ARCs applicable to solar cells. We have previously shown 
that graded PS ARCs with an effective reflection of ~3 % over the solar spectrum can be 
produced (2). 
 

For PS to become an attractive alternative to today’s ARCs, the excellent optical 
properties must not degrade with ageing of the structures. Due to the very high internal 
surface area, 200-600 m2/cm3 (3), PS is significantly more reactive than bulk Si. 
Extensive oxidation occurs even in air ambient at room temperature, but very large 
variations with respect to the porosity, morphology, thickness, and storage of the PS 
structures are observed (4). During this natural oxidation process, some of the passivating 
Si-H surface bonds of freshly etched PS are replaced by Si-O bonds. Oxidation also takes 
place by formation of Si-OH groups which do not affect the original hydrogen 
passivation (5).  

 



The ageing process changes not only the electrical, but also the optical properties 
of PS. Reflectance from PS multilayers will be modulated due to changes in the dielectric 
function caused by oxidation. When the effect of ageing on optical properties of PS has 
been described, focus has generally been on changes in the photoluminescent properties 
(6-8). A few notable exceptions are Frotscher et al. (9) and Fried et al. (10), where SE 
and reflection measurements are used to study refractive index and reflectance. Fried et al. 
investigated thin, homogeneous PS layers etched in n+ emitters. Frotscher et al. studied 
both single PS layers and thick Bragg type multilayers consisting of alternating layers of 
two different porosities.  
 

Our aim is to study the effect of ageing on reflectance from multilayered PS 
ARCs applicable to solar cells. The multilayered structures are etched in highly p-doped 
Si, which is suitable for production of solar cell ARCs in a p+/n structure. The refractive 
index of the film varies in a graded manner, but with some sharp features appearing in the 
optimized coating due to the restrictions placed on porosity range (25 - 75 %) and 
thickness (~160 nm) (2, 11). Cost efficiency is of great importance in the solar cell 
industry. Therefore, we use the simplest, most easily implemented form of drying and 
storage; air at room temperature.  

 
Attention is also given to how ageing of PS is perceived in spectroscopic 

ellipsometry (SE) measurements. SE is extensively used to characterize PS structures, 
and oxidation of the inner surface is routinely neglected in the majority of cases found in 
literature (12-13).  
 
 

Experimental 
 

The samples are fabricated using a double cell anodic etching system PSB Plus 4 
from advanced micromachining tools (AMMT). A special purpose potentiostat, PS2 from 
AMMT, allowed programming of current density profiles with a time resolution of 50 
ms. The electrolyte consisted of 49 wt % HF and ethanol (C2H5OH) in a volume ratio 2:3, 
giving a HF concentration of 20%. The wafers used were boron doped, 300–350 µm 
thick, one side polished, monocrystalline Si with a (100) orientation. PS is formed on the 
polished side of the wafer without any additional texturing. The resistivity of the wafers 
was determined by four point probe to be 0.012–0.018 Ωcm. Prior to etching, the wafers 
were dipped in 5% HF to remove native oxide.  
 

In order to simplify the identification and quantification of oxidation effects from 
the SE measurements, homogeneous PS layers were used. Five homogeneous PS samples 
were etched under galvanostatic conditions, at a current density of 50 mA/cm2 for 15 s. 
The etching of the graded PS ARC structure is also performed in galvanostatic mode, by 
stepwise variation of the current density. Details of the procedure, such as the duration 
and current density of each step are described elsewhere (2). Only the current density 
during etching is different for the homogeneous and multilayered samples and the 
average porosities of the two are similar (in excess of 50%).  
 

The first homogeneous sample (‘Day 0’) was rinsed in water, dried in N2 and 
stored in aluminium foil during transportation to the XPS. This was done in order to 
achieve a minimally oxidized starting sample. All remaining samples were rinsed in 



ethanol, air dried and stored in room temperature and air ambient. Ethanol has a reduced 
surface tension compared to water and therefore reduces the risk of surface cracking and 
flaking of the PS films.  
 
Due to destructive sample preparation and ion beam etching for the XPS measurements, 
one single sample could not be used for all measurements. Five nominally identical PS 
samples were therefore used for SE and XPS. We have previously shown that the PS 
layers are reproducible to within an uncertainty of 1.5 % (90 % confidence limit) in 
thickness and porosity (14). 

 
The ageing of the structures are studied by XPS, SE and spectroscopic reflectometry. 

Ellipsometry measurements were carried out using a Woollam variable angle 
spectroscopic ellipsometer (WVASE) in the wavelength range 300–1200 nm and at the 
angles of incidence 60°, 65°, 70°, 75°, and 80°. Depolarization data is also collected for 
all samples. XPS was performed in a KRATOS AXIS ULTRADLD using monochromated 
Al Kα radiation (hν =1486.6 eV) on plane-view samples at zero angle of emission 
(vertical emission). The x-ray source was operated at 1 mA and 15 kV. The XPS spectra 
of bulk PS have been obtained after sputtering down to a depth of about 100 nm. 
Sputtering was performed using a 4 kV ion gun, with a current of 100 µA and a 500s 
cycle time. The mean free path (λ) of Si-2p electrons in Si is 3.18 nm. This means that 
the photoelectron escape depth in Si is 3λcos(θ) = 9.65 nm. However, with a porosity of 
~50%, the photoelectron escape depth is calibrated to be ~19 nm. The spectra were peak 
fitted using Casa XPS (15) after subtraction of a Shirley type background. Finally, 
reflectance was measured using a Standford Research System setup in the wavelength 
range 400–1100 nm. 

 
 

Results and Discussion 
 

Characterization by Spectroscopic Ellipsometric 
 
It is well known that PS can be modelled as a mix of Si and voids in an effective 

medium approximation (EMA) (1, 16). SE is capable of in depth resolution and accurate 
determination of the optical constants. In this work, a uniaxially anisotropic, graded 
Bruggeman effective medium model (BEMA) (17) consisting of crystalline Si (18), 
polycrystalline Si (19) and air (n=1) is used to fit data obtained from ellipsometric 
measurements of the homogeneous layers. It has previously been shown that the use of 
polycrystalline silicon as an EMA component significantly improves the fit quality (12, 
20). The component is used to model the enhanced absorption at the boundaries of the 
nanocrystals. 

 
The grading in the BEMA is introduced to account for roughness in the transitions 

between air/PS and PS/Si. This allows a higher resolution in depth and possible grading 
in the main layer can also be accommodated.  

 
Figure 1 shows ellipsometric measurements and corresponding fits for one of the 

homogeneous layer PS samples. Ellipsometric measurements of all the samples are 
carried out within 1 day after the etching and then repeated after the samples have aged 
for 7, 21, and 42 days, respectively. The model fits are very good for all samples.  



 
An initial rapid oxidation is reported to occur already after some tens of minutes (5). 

Therefore, even the first SE measurements are not performed on completely non-oxidized 
PS. Figure 2 shows the refractive index with depth in the PS layer at day 1 and day 42. 
The layers are birefringent, so the refractive indices in both x- and z- (normal to the 
sample surface) directions are shown. As there is only one axis of anisotropy, the 
refractive index in the y-direction is identical to the x-direction and is not shown. In both 
directions, a small reduction in the refractive index is observed from day 1 to day 42. 

 
 

The average porosity and thickness of the samples determined from ellipsometry are 
given in Table I. The average porosity appears to increase slightly with increasing ageing, 
about 2 % absolute after 42 days. The apparent increase in porosity is relatively modest 
and generates only a small change in the reflectance of these samples. A significant part 
of the Si is polycrystalline. The remaining part (not shown) is c-Si. An increase in the 
poly-Si amount also results form ageing. The increase is larger than it first appears, since 
the total fraction of Si decreases. This might reflect the reduction of the pore wall 
thickness due to oxidation. Adding SiO2 in the ellipsometric modeling does not improve 
the fit of any of the samples. 
 
TABLE I . Values determined from ellipsometry 

Sample Porosity, Day 1 Poly-Si, Day 1 Porosity, Aged Poly-Si, Aged 
Sample 2, aged 1 day 56,8 % 15,4 % -- -- 
Sample 3, aged 7 days  56,1 % 13,8 % 56,7 % 14.2 % 
Sample 4, aged 21 days 56,5 % 13,6 % 57,6 % 16.1 % 
Sample 5, aged 42 days 56,6 % 16,0 % 58,6 % 19.6 % 

 
 
X-ray Photoelectron Spectroscopy (XPS) 
 

The composition of aged PS is highly complex. A large number of compounds 
have been detected, including the compounds Si2O, SiO, Si2O3, and SiO2, also commonly 
found in oxidized Si samples (5, 21, 22). Additional compounds that have been reported 
from XPS studies include Si-OH and SiO2-OH (5), SiHx (x = 1, 2, 3) groups (23), 
(CH3CH2)3SiOH (22) and amorphous Si (Si:H) (22). In addition, fluorine (SiF) (24) and 
carbon (5) impurities have been repeatedly detected. However, it is important to 

Figure 1. The fit of the ellipsometric model for
one of the homogeneous layer PS samples.  

Figure 2. Change in refractive indices from day 1 
to day 42.   

 



emphasize that the oxidation effects vary greatly with respect to the porosity, morphology 
and thickness of the PS structures. Even for nominally very similar samples, the 
differences can be surprisingly large (4). The large number of possible compounds 
together with the small binding energy shifts in the Si 2p core level (covering a range of 
only 4 eV), complicates the task of resolving distinct features by curve-fitting of the XPS 
spectra (25). 
 

We have performed detailed peak fitting of high resolution XPS Si-2p spectra 
from the PS surface and PS bulk. The deviation in binding energy measurement is about 
0.02 eV, while for the composition the deviation is 0.4 atomic %, determined 
experimentally. Five samples, aged for 0, 1, 7, 21 and 42 days, respectively, are studied. 
Figure 3 shows the peak fitted XPS spectrum from the PS bulk of the ‘Day 0’ sample. All 
ten spectra are fitted correspondingly and more details of the fitting procedure will be 
presented in a separate article. Figure 4 shows the evolution of oxidized Si species as 
determined from the peak fitting, in the bulk of the PS (a) sample and at the surface (b).  
 

 
Figure 3. XPS spectra of  bulk PS immediately after formation. 

 

Figure 4a shows that at already at ‘Day 0’ (day of etching), the surface of the PS 
sample contains Si2O (Si1+), and small amounts of SiO (Si2+), in addition to pure Si (Si0) 
and Si2SiH. Although the Si2SiH and Si concentrations are resolved in the peak fitting, 
Si2SiH is included in the Si0 concentration displayed in Fig. 4, as this corresponds to non-
oxidized hydrogen terminated Si. The changes between sample ‘Day 0’ and sample ‘Day 
1’ are small. After 7 days, the surface PS also contains elements of Si2O3 (Si3+) and SiO2 

Figure 4. Atomic percentage of pure Si and oxidized Si states as fitted from the (a) surface and (b) bulk
XPS spectra. Dashed lines are added as a guide to the eye. 

 



(Si4+) while the pure Si + Si2SiH and Si2O concentration decreases. After 21 days, more 
oxidation of pure Si occurs at the surface and the concentrations of SiO, Si2O3 and SiO2 
increase further. Between ‘Day 21’ and ‘Day 42’, the SiO2 concentration increases 
significantly, while the concentrations of pure Si and the intermediate oxidation states 
decrease. 

  
Figure 4b shows that the bulk PS has a similar oxidation process. At the day of 

etching, bulk PS contains pure Si, Si2SiH, and Si2O. No significant change occurs after 1 
day in air. After 7 days, additional concentrations of SiO and Si2O3 have appeared, 
whereas the Si2SiH compound has vanished. SiO2 first occurs in bulk PS after 21 days. 
While the Si2O concentration steadily decreases at the surface of PS, an initial increase is 
seen in the bulk. Not surprisingly, for all ageing time, the oxidation levels are lower in 
the bulk than at the surface.  
 

Summarized, we observe that a relatively rapid but partial oxidation, covering a 
few percent of the inner surface of the PS by oxide, takes place in the early stages of 
ageing. A gradual increase in oxidation, through the intermediate oxidation states, is 
observed. Detection of Si1+ (Si2O), is followed by detection of Si2+ (SiO) and Si3+ (Si3O2), 
before SiO2 is formed after about one week.  
 
 
Comparing Results from XPS and SE 
 

For best possible accordance between SE and XPS, each sample is measured by 
ellipsometry within day one after etching and then again just before XPS measurements. 
Comparing the information obtained about oxidation of the PS structures, it is clear that 
SE is rather insensitive to oxidation in the PS structures. Partly, the inclusion of oxide in 
the ellipsometry model is complicated by the number of different oxidation states; for 
most of the samples only a small fraction of the oxidized species is SiO2. It is also 
possible that an alternative model could give larger deflections with respect to oxygen 
content. However, when this is said, the marginal difference in Ψ and Δ, and 
consequently in refractive index between day 1 and day 42 (as showed in Fig. 1) indicates 
that it is a challenge to determine oxidation of PS with SE. It is also rather common to 
neglect oxidation when performing ellipsometric characterization of PS (12,13). Whether 
neglecting SiO2 is a viable approach or not depends, of course on the amount of oxide, 
but also on the information sought. Obviously, information about the chemical 
composition of the material is lost, but, on the other hand, changes in the effective 
refractive index of the material are small. Considering the densities and molecular 
weights of Si (dSi = 2330 kg/m3, MwSi = 28.0855 g/mol) and SiO2 (dSiO2 = 2200 kg/m3, 
MwSiO2 = 60.0843 g/mol) it can be seen that for an oxide of thickness t, the fractional 
consumption of the Si wall is  

 
(MwSi/dSi)/(MwSiO2/dSiO2) = 0.44t, 

 
while the remaining 0.56t is expansion into the pores (26). A locally flat surface, 

i.e. isotropic expansion through the volume (27), and oxidation by SiO2 only is assumed. 
The net effect of oxidation can then be thought of as a replacement of a medium 
consisting of 44% Si and 56% air with a medium consisting of 100% SiO2. In the BEMA, 
44% Si and 56% air have an effective refractive index, Neff, given by the equation  
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Inserting the refractive indices NSi(700 nm) = 3.77 and NAir(700 nm)  = 1.00, gives 

an effective refractive index Neff  (700 nm) = 2.07. The refractive index of SiO2 at the 
same wavelength is 1.45, hence the change in effective refractive index of the oxidized 
area is relatively small. The small reduction in refractive index gives the observed 
outcome of increased porosity in the ellipsometric modeling. The apparent increase in 
porosity with ageing, seen in Table I, is therefore ascribed to an increase in oxide content 
of the structure.   
 
 
Time Evolution of Reflection from graded PS ARCs 
 

The evolution of the reflectance from a graded PS ARC with ageing is showed in 
Fig. 5. The reflectance integrated over the solar spectrum is shown in parenthesis. 
Reflectance measurements are performed immediately after fabrication and then with 
intervals of approximately two weeks. A small wavelength shift and amplitude lowering 
of the reflectance peak is visible. The uncertainty of the measurements is estimated to be 
~ 0.15 % absolute, while the measured effective reflectance of the ARC varies by 0.5 % 
over time. Therefore, it seems that the ARC experiences small variations in the 
reflectance with time, but the performance is more inclined towards an improvement than 
a degradation.  

 
 
Figure 5. Evolution of the reflection from a PS ARC with time. The integrated reflectance is given in 

parenthesis. 
 

Conclusions 
 

The induced changes in the spectral reflection of graded layer ARCs due to 
oxidation in air is quantified by reflection measurements and correlated to ageing 
(oxidation) by using XPS and SE. PS layers etched at constant current density, with 
similar average porosity and otherwise identical formation and storage conditions as the 
multilayers, are used for SE and XPS. This is done to reduce the model complexity in SE 
so that effects of oxidation can easier be identified. Comparing results from SE and XPS 
shows that SE has a low sensitivity for detecting oxidation in the PS structures. For 



moderately oxidized samples, no improvement in the ellipsometric fit is obtained by 
adding SiO2. Finally, a small reduction in reflectivity of the multilayer PS antireflective 
coatings is measured after the first month of storage. Thereafter the change in reflectance 
saturates. The reflectance of the multilayer structures is apparently quite robust and not 
subject to any degradation. If structure and storage conditions are known, the small 
change in reflectance due to oxidation could be accounted for in the design of the 
coatings to improve the effective reflectivity further. 
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Efficient antireflection coatings �ARC� improve the light collection and thereby increase the current
output of solar cells. In this work, multilayered refractive index stacks optimized for antireflection,
in bare air and within modules, are modeled. The relation between porous silicon �PS� etching
parameters and PS structure is carefully investigated using spectroscopic ellipsometry, gravimetry,
x-ray photoelectron spectroscopy, and scanning electron microscopy. The close relation between
porosity and refractive index, modeled using the Bruggeman effective medium approximation,
allows PS multilayers to be tailored to fabricate the optimized ARCs. Limits imposed by efficient
application in photovoltaics, such as thickness restrictions and the angular distribution of incident
light, are examined and accounted for. Low reflectance multilayer ARCs are fabricated with
integrated reflectances of �3% in air and 1.4% under glass in the wavelength range 400–1100 nm.
© 2010 American Institute of Physics. �doi:10.1063/1.3353843�

I. INTRODUCTION

One cardinal goal for photovoltaic power production is
to reach grid parity. Two routes exist to reach this goal;
higher efficiency and lower production costs. Porous silicon
�PS� has several possible applications in photovoltaics and
holds potential to contribute to the desired development.1,2

This paper will focus on using PS for antireflection purposes
in solar cells. The most commonly used antireflection coat-
ing �ARC� for silicon solar cells is silicon nitride,3,4 having a
reported integrated reflection in the order of 10% for monoc-
rystalline wafers over the spectral range of interest.5,6 The
reflection will, however, be further reduced with standard
texturing. For a single layer ARC, the reflection is minimized
at one single wavelength given by �min=4nd, where n is the
refractive index and d is the thickness of the layer.

Excellent broadband ARCs with reflectance less than 3%
are obtainable today with a multilayered structure, such as
MgF2 /Al2O3 /ZnS, where each layer is seperately deposited.7

However, multiple depositions increase the cost and in addi-
tion, magnesium fluoride, and zinc sulfide are soft and easily
damaged.8 PS offers a simpler one-step production of multi-
layered stacks. Using electrochemical etching, the refractive
index, which is closely related to the porosity, can be tuned.
This provides fast and inexpensive manufacture of multilay-
ered ARCs. Excellent broadband reflectivity has been dem-
onstrated for PS.9 However, the stacks made in this case are
too thick �1 �m� for efficient photovoltaic application. Such
a large thickness would cause degradation of the electrical
characteristics of the solar cell as the typical commercial
junction depths are on the order of 350 nm. Deeper diffu-
sions are possible but expensive. In addition, PS shows sig-
nificant absorption and, therefore, in an optimal coating, re-
flection must be weighted against absorption. It has been

demonstrated that good coatings may be achieved also
within these limits but an optimal coating has not been
obtained.10

This paper presents an optimization of multilayered
ARCs for photovoltaic application. A systematic study is car-
ried out to achieve an accurate determination of the effect of
etching parameter variations in the PS structure. In particu-
lar, it is important to have a broad porosity span to access the
maximum refractive index range. It has been discussed that
the porosity span accessible by current density variations in
thin films is broader than that of thick films because surface
and interface roughness increase the porosity span in both
directions.10 However, to our knowledge, systematic experi-
mental studies of the obtainable porosity span for thin films
at different concentrations of hydroflouric acid �HF� have not
been reported. This will, therefore, be the first step toward an
optimized PS ARC.

The optimal ARC is then modeled with constrictions
on the available porosity-range and with respect to applica-
tion in photovoltaics. The optimization is carried out both
for operation in air ambient and in encapsulated modules.
After formation of the coating, spectral reflectance is mea-
sured in the wavelength range 400–1100 nm. An integrated
reflection of �3% is obtained for samples optimized without
glass. Within a module, a reflection of 5.6%, including re-
flections from the air-glass interface, is obtained. This com-
pares favorably with todays commercial single and double
layer coatings �SiNx,

3 MgF2 /ZnS,7 SiO2 /TiO2,11 and
MgF2 /CeO2.12

II. EXPERIMENTAL

A double cell electrochemical etching system, PSB Plus
4 from advanced micromaching tools �AMMT�, was used to
produce the PS layers. The wafers used were boron doped,
300–550 �m thick, one side polished, monocrystalline
silicon with a �100� orientation. The nominal resistivitiesa�Electronic mail: josefine.selj@ife.no.
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were 0.01–0.05 � cm. However, four point probe measure-
ments were used to determine the resistivity range to
0.012–0.018 � cm. The high doping densities are necessary
to ease the current flow by reducing the potential barrier for
holes between electrolyte and wafer. Alternatively, surface
doping of standard solar cell wafers of 1–3 � cm could be
used for the same purpose. The wafers were dipped in 5%
HF to remove native oxide. A mix of 49 wt % HF and eth-
anol �C2H5OH� constituted the electrolyte. HF concentra-
tions were varied from 10% to 20% �volume ratio� to find the
optimal porosity span. The special purpose potensiostat, PS2

from AMMT, allowed programming of current density pro-
files with a time resolution of 50 ms. After etching, the
samples were rinsed in ethanol to avoid cracking due to cap-
illary forces during drying. For samples optimized for use in
modules, microscope glass of 1 mm thickness was laminated
to the samples, using ethylene vinyl acetate �EVA� as encap-
sulant.

Ellipsometry measurements were carried out using a
Woollam variable angle spectroscopic ellipsometer
�WVASE� in the wavelength range 300–1100 nm. To de-
crease the impact of sample inhomogeneities and depolariza-
tion on the measured data, focus probes with a spot diameter
of 0.2 mm were applied. On the single layers, variations in
the PS layer are evident by visual inspection. This may be
due to small variations in resistivity or current density over
the sample. For the graded layers no significant inhomoge-
nety can be seen by visual inspection. Gravimetry was used
as a control technique to check a selection of the porosities
obtained from ellipsometric measurements. The porosities
obtained from ellipsometry are, in all cases, confirmed by
gravimetry to within 3% absolute. In gravimetry the wafers
are weighted before �m0� and after �m1� PS formation. The
wafer is then etched in 2% KOH to effectively remove the
PS layer and subsequently weighted again �m2�. Porosity, P,
and thickness, t, of the PS layer, is then calculated from

P =
m0 − m1

At�
,

and

t =
m0 − m2

A�
,

where �=2.33 g /cm2 is the density of silicon and A is
the area where PS is formed. For the samples where scanning
electron microscopy �SEM� and transmission electron mi-
croscopy �TEM� images are taken, the thickness displayed
by these methods are in correspondence with results from
ellipsometry and gravimetry. Thickness and layer structure
were also investigated using SEM and TEM. Cross-sectional
TEM samples were prepared by ion-milling using a Gatan
precision ion polishing system with 5 kV gun voltage. The
samples were analyzed by high resolution TEM in a 200 keV
JEOL 2010F microscope. X-ray photoelectron spectroscopy
�XPS� was used to assess the amount of oxide in the
samples. XPS was performed in a KRATOS AXIS
ULTRADLD using monochromated Al K� radiation �h�
=1486.6 eV� on plane-view samples at zero angle of emis-

sion �vertical emission�. The x-ray source was operated at 10
mA and 15 kV. The spectra were peak fitted using Casa
XPS13 after subtraction of a Shirley type background. Fi-
nally, reflectance was measured using a spectral response
unit in the wavelength range 400–1100 nm.

III. FABRICATION AND STRUCTURE

A. PS fabrication

To access a large range of refractive indices in one single
etch, the optimal etching parameters must make a broad span
in porosities available by varying only the current density.
Three different HF concentrations were tested for the pur-
pose of obtaining the widest porosity range, 10%, 15%, and
20%. As expected, in all cases, the porosity increased with
current density up until the limit of electropolishing.14 Table
I shows the porosity span available at the various electrolyte
compositions. The lowest available porosity is assessed using
a current density of 1 mA /cm2, the highest porosity is as-
sessed using the highest current density which does not give
electropolishing. An electrolyte consisting of 20% HF gave
the broadest porosity range and was, therefore, used in all
further experiments.

Although much is published on the properties of PS and
how these vary with current density, resistivity, electrolyte
composition, etc,15–18 the PS layer is so sensitive to etching
parameters, wafer-properties, and environment that it is nec-
essary to undertake careful investigations of the relations be-
tween these parameters for our specific setup. Especially the
relation between current density and porosity and between
current density and etch rate must be known in great detail to
enable the production of the best performance modeled layer
at a later stage. Figure 1 shows porosities and etching rate

TABLE I. Porosity limits.

Current density J
�mA /cm2� 10% HF 15% HF 20% HF

1 ¯ 38 26
5 76 49 40
Max�18/80/250� 90 80 76
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FIG. 1. �Color online� Current density vs porosity and etch rate in a 20% HF
solution at room temperature, as determined from ellipsometry and
gravimetry.
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versus current density during formation, as determined by
ellipsometry, gravimetry, and SEM. The curve suggests a
nonlinear relationship between current density and porosity,
with the steepest gradient at low current densities. Here, the
porosity displays a particularly large increase, from 26% at
1 mA /cm2 to 42% at 14 mA /cm2. Although a sharp in-
crease at low current densities is not unexpected based on
results published by Ref. 19 for similar sets of process pa-
rameters, we have increased the sampling frequency and per-
formed ten PS etches within this current density range. All
etched samples comply with the low porosity trend.

In this work, heavily doped silicon wafers with a con-
stant doping density are used. In a typical solar cell emitter,
the doping density has a certain doping gradient normal to
the surface which can affect the porosity profile. Two ap-
proaches can be used to address this issue. In one approach,
varying resistivities can be compensated for in the final cur-
rent density profiles used for etching the ARCs. Alterna-
tively, the doping profile can be tailored to give a relatively
flat gradient in the resistivity.20

TEM images show that the distance between the silicon
walls varies between 7–30 nm, indicating that a mesoporous
material is formed. The interface between the PS layer and
the silicon substrate is rather wavy. This is promising with
respect to the light spreading properties of the film. TEM
images also reveal that the pores are columnar with signifi-
cant branching �Fig. 2�. The pores point predominantly to the
surface, while the branches, or secondary pores, are not re-
stricted to the �100� plane. For �100� wafers, a preferential
growth perpendicular to the surface and towards the source
of holes is expected. This is due to differences in the passi-
vation speed of the different crystallographic directions.21

The passivation process works fastest on the �111� surfaces
and these surfaces, therefore, show a reduced probability of
being etched.22

B. Ellipsometric characterization of PS

It is well known that the optical properties of PS can be
modeled as a mix of Si and voids in an effective medium
approximation �EMA�.23,24 In this work, the Bruggeman
EMA �BEMA� �Ref. 25� theory is used. It gives a good ap-
proximation for mesoporous silicon, especially when porosi-
ties are not too high.26–28 Amorphous silicon was tested as a
constituent of the EMA but with poorer results than crystal-

line silicon �c-Si�. This indicates that the PS layers are crys-
talline, as expected. This was confirmed by selected area
diffraction �SAD� images of the samples, see Fig. 3.

Ellipsometric measurements are used here primarily to
obtain the thickness and porosities of the layers. Knowing
the thickness of the films, etch rates can easily be calculated.
Ellipsometry is based on measuring changes in polarization
due to interaction with the sample surface. This change is
measured as the ratio of the Fresnel coefficients for parallel
�rp� and perpendicularly �rs� polarized light. The ratio is usu-
ally given in terms of the ellipsometric parameters � and �

rp/rs = tan � exp i� .

Therefore, physical parameters, i.e., optical and microstruc-
tural properties, are not immediately given but must be de-
duced from the measured data by modeling. Analysis of the
optical data is performed using the WVASE software pack-
age, WVASE32, which is designed to fit a generated model to
a given set of observed data. In the modeling we make use of
the tabulated refractive indices of silicon reported by Herz-
inger et al.29

For graded layers, the modeling is approached by use of
stratified medium theory; ellipsometric data from arbitrary
graded index ARCs are reproduced by a variation in n�z�
with depth.30 The best fit n�z� profile can be found by divid-
ing the film into a small number of homogeneous sublayers
parametrized by a thickness and complex refractive index.
Alternatively, a model function can be used. In this approach
the film is again divided into homogeneous layers but the
number of layers is so high that the optical properties are
identical to those of a continuous medium.31 In this work, the
former procedure is utilized and should be appropriate, as the
ARCs indeed are made using a quite limited number of step-
wise variations in the current density rather than a continous
variation.

Shape anisotropy introduces optical anisotropy in the
samples, in principle requiring generalized ellipsometry and
a generalized BEMA model. Such a generalized BEMA is
previously shown to be a good approximation of birefringent
PS.28,32 However, standard ellipsometry is sufficient if the
optical axis of a sample with uniaxial anisotropy is lying
perpendicular to, or parallel with, the sample surface. As
previously discussed, TEM images showed substantial

FIG. 2. TEM image of a PS sample, etched for 15 s at a current density of
20 mA /cm2, shows columnar pores mainly pointing towards the surface.
Significant branching is also evident.

FIG. 3. SAD patterns from the Si substrate to the left and the central area of
the porous layer to the right, showing that the crystalline walls in the porous
region remain as a single crystal. Only a slight variation in orientation is
seen inside the porous region. The diffuse rings in the pattern from the
porous region are identical to the rings observed for the epoxy used in the
sample preparation.
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branching, secondary pores which are not restricted to the
�100� plane. Therefore, both generalized and standard ellip-
sometry were performed. Generalized ellipsometry did not
show any sign of in-plane anisotropy and standard ellipsom-
etry together with a perpendicular uniaxial model was, there-
fore, adopted in the following work. The columnar shape of
the microstructure induces distinct boundary conditions to
the electrical and magnetic field in the medium. In the
uniaxial BEMA, this charge screening is modeled by the
depolarization factor, qz.

In the single layer models, qz is allowed to vary giving a
best fit between 0.25 and 0.3. Given the columnar shape and
significant branching of the pores �Fig. 2�, ellipsoids slightly
elongated along the pores are a plausible form of the depo-
larization. As the best fit qz is relatively consistent in all
single layer samples, in the more complex models it is fixed
to 0.28 to reduce the number of fitting parameters. The qx

and qy components are equally split and describe the in-plane
symmetry.33

TEM images reveal that even for PS layers where the
current density during etching has been kept constant, the
pores are not uniform along the vertical direction. The fit of
the ellipsometry models also improves by adding a small
gradient where each sublayer is modeled as a mixture of c-Si
and voids. A porosity grading can account for the interface
roughness between the substrate and the porous layer and
between the porous layer and air.34,24 In addition, chemical
etching may contribute to a further etching of the uppermost
part of the PS layer. Numerical algorithms are used to vary
the unknown parameters and minimize the difference be-
tween simulated and experimental data.

In WVASE, the Levenberg–Marquardt minimization
routine is used. The goodness of the fit is measured by the
mean squared error �MSE�. The models are generally well
fitted with MSEs	15, except some of the thick and highly
depolarizing samples which have somewhat higher MSE.
However, almost all models show some deviations from the
experimental data in the blue region �300–400 nm�. This is
likely because the the wavelength approaches the nanostruc-
ture size ��air=300 nm⇒�Si�70 nm� and therefore ap-
proach the end of the applicability range of the static effec-
tive medium theory.28

Generally, PS has a strong aging process where it oxi-
dizes in air ambient and at room temperature. The presence
of SiO2 is neglected in the ellipsometric fitting for two rea-
sons. First, XPS images show that the oxide content of the
PS samples is relatively low, about 9% at a depth of approxi-
mately 20 nm, see Fig. 4. PS made from low resistivity
p-type material �0.01 � cm� has also previously been re-
ported to have little oxide content.35

Second, the SiO2 has a relatively small optical contrast
to void, and it is therefore difficult to separate the optical
prints of the two. It should be noted, though, that SiO2 con-
sumes both pores and Si pore walls. Based on the densities
and molecular weights of Si�dSi=2330 kg /m3, MwSi

=28.0855 g /mol� and SiO2�dSiO2
=2200 kg /m3, MwSiO2

=60.0843 g /mol� it can be seen that for an oxide of thick-
ness t, the fractional consumption of the silicon wall is

MwSi/dSi

MwSiO2
/dSiO2

= 0.44t ,

while the remaining 0.56t is expansion into the pores. For
large oxide contents this could result in an overestimation of
the porosity and a more accurate model might have to take a
shell-like structure into consideration. However, such a pro-
cedure would increase the number of fitting parameters and
could result in parameter correlation problems.36 For the PS
samples presented here, oxide content is low and neglecting
the SiO2 does not induce significant error. As a result, the
EMA model including solely c-Si and void is a good ap-
proximation.

IV. MODELING IDEAL ARCS

To determine the optimal structure of the ARC, simula-
tion is performed in the WVASE32 software. In WVASE32, the
best fit structure is constructed within the frame of the gen-
erated model by varying a chosen set of parameters. In this
optimization, the generated model is a uniaxially anisotropic
Bruggeman approximation, i.e., the same type of model that
is used to model the ellipsometric data from the real PS
layers. We constructed a zero reflection data set which was
fed to the program instead of measured data. This zero re-
flection file was then used as the fitting target. The data file
was weighted with respect to the solar spectrum �1.5 AM�
and cut-off at 1100 nm, corresponding approximately to the
bandgap of silicon. At 1200 nm the absorption coefficient of
silicon has decreased by two orders of magnitude. Glass with
refractive index of 1.52 at 500 nm is used as ambient for the
ARC optimized for use in mudules.

Using Snell’s law it can easily be seen that a ray hitting
the glass cover at an angle of 10° to the sample surface, will
be refracted in the glass and hit the ARC at an angle of 49°
to the surface. Therefore, there is no need to accommodate
very small incident angles in the modeling. The zero reflec-
tion data file, therefore, incorporates relevant incident angles
�50°, 60°, 70°, 80°, and 90° to the cell surface�. No differen-
tiation has been made between the weighting of the five
angles which are accounted for.

The modeling confirms the excellent antireflection prop-
erties demonstrated by Uehara et al.9 The models are ideal in
the sense that they have the total refractive index range avail-
able �nair−nSi� and no imposed limits on thickness. Both

FIG. 4. The XPS Si 2p spectrum of the PS sample. The spectrum was peak
fitted with four peaks corresponding to Si4+�SiO2�, Si2+�SiO�, Si+�Si2O�, and
Si0 �pure Si�.

074904-4 Selj et al. J. Appl. Phys. 107, 074904 �2010�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



these assumptions are fundamental for the result. The start-
ing parameters are varied in order to find the global minima
of reflection. The results of the modeling are displayed in
Fig. 5.

In principle, films approaching zero reflection �over a
defined broadband wavelength range� can be made by vary-
ing the porosity gradually from 0% at the substrate interface
to 100% at the air interface.37 In the approximation that the
thickness d is much thicker than the design wavelength, d

�, the refractive index appears to vary slowly with the
layer thickness and the internal reflections within the coating
can be neglected. This is also known as the WKBJ
approximation.38 In this case, a lower limit on the reflectance
R may be established

R � ��/�2�d��2m.

It is valid when all derivatives up to the mth order are con-
tinuous at the boundaries of the graded layer.38,39 An illustra-

tion of a gradually changing refractive index is given in Fig.
5�c�. Figure 5�a� shows the corresponding porosity profile of
the layer �351 steps�. The depth is given in percents of the
total PS thickness, with the air interface at 0% and the Si
substrate interface at 100%. The only restriction in the model
is that it has only eight nodes available to fit. The nodes can,
however, have any number of steps within. The models giv-
ing the lowest reflection had PS layer thicknesses of
0.7–5.5 �m, depending on the number of steps. The dashed
line shows the profile of a model with a total of 36 steps, five
steps in the first seven nodes and the last node constituting
the final step. The black solid line and the dotted line show
porosity profiles of models with a total of 141 �20 steps in
each node� and 351 steps �50 steps in each node�, respec-
tively.

Figure 5�b� shows the average reflectance of p-polarized
and s-polarized light resulting from the three porosity pro-
files in Fig. 5�a� at normal incidence. The reflectance is ex-
tremely low for all incident angles and both polarizations.
However, the model with only 36 steps performs signifi-
cantly poorer than the other two models. It has a higher
reflection and different porosity profile. When increasing the
number of steps, the optimal porosity curve is a quintic func-
tion. The 36 step porosity profile resembles the porosity pro-
file, p�x�� �1−x�0.6, previously reported as the best perfor-
mance profile for a 120 nm broadband PS ARC with
hypothetical porosities ranging from 20%–90%.10 In accor-
dance with work by Ref. 40, we find that although these
porosity profiles are effective for thick PS layers, better per-
formance profiles exist for thin ARCs. The influence of film
thickness on the anti-reflection properties will be further dis-
cussed in Sec. VI.

V. MODELING REALISTIC ARCS

As previously discussed, an ideal ARC is not a feasible
option for several reasons. In Sec. III the available porosity
span was found to be limited to �25%–75%. In addition,
there are restrictions on the thickness of a PS layer with
respect to absorption and the junction depth of the cell. Our
estimations show that it is absorption which places the strict-
est limits on thickness. Preliminary results show that an ARC
of thickness 150 nm gives a reasonable balance between ab-
sorption losses and reflection gains. Ongoing work aim to
investigate scattering and absorption in PS films to further
optimize the balance between absorption losses and reflec-
tion gains.

The modeling of realistic ARCs will be restricted to pa-
rameters relevant for fabrication; layers suited for photovol-
taic application and porosities experimentally available. The
ambient of the profiles shown here �Fig. 6� is set to be
EVA+module glass with a refractive index of n=1.52 at 500
nm. Optimizations done without module glass follow the
same procedure. The total thickness is set to a maximum of
150 nm, the lowest available porosity is limited to 25% and
the highest available porosity is limited to 75% �Table I�.
These restrictions will clearly influence the performance of
the ARC.
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FIG. 5. �Color online� Simulation of an ideal ARC with no limits imposed.
The porosity varies smoothly from 0% to 100%. Ambient is set to air, so no
module glass is taken into account. The lowest reflections are obtained with
thicknesses of 0.7 �m for the 36-step profile, 3.0 �m for the 141-step
profile and 5.5 �m for the 351-step profile. �a� Porosity profile. �b� Effect of
number of steps on reflection. The reflection of the 141-step and 351-step
profiles are in the order of 10−4–10−5 and is, therefore, difficult to see on the
same scale as the 36-step profile. �c� Refractive index at 500 nm vs depth for
the porosity profile consisting of 351 steps.
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The optical thickness is the dominating factor in deter-
mining the wavelength range of the ARC. It is generally
accepted that a minimum optical thickness is required to
achieve very low reflectivities. To find this limit, let us fol-
low the reasoning by MacLeod.37 For a film consisting of n
layers, the total optical thickness will be given by T=n�0 /4,
assuming that each layer has quarter wave optical thickness
at the reference wavelength, �0. There will exist n minima of
reflectance extending from a short wavelength limit

�S =
�n + 1�

n

�0

2
=

2�n + 1�
n2 T ,

to a long wavelength limit

�L = �n + 1�
�0

2
=

2�n + 1�
n

T .

If n tends to infinity but T remains finite, �S tends to zero,
while �L tends to 2T. For all wavelengths between these
limits, the reflectance approaches zero. The optical thickness
generally required for achieving reflectance approaching zero

is therefore T��0 /2, although the exact value depends on
the refractive index profile. Assuming a linear relation be-
tween refractive index and optical thickness, the long wave-
length limit of a 150 nm ARC can be estimated. �L=2T
=2�d�ntop+nbottom� /2�=150 nm�1.5+3.4�=735 nm. A film
of thickness 150 nm could, therefore, theoretically give a
perfect reflection for �	735 nm �Ref. 37�. The calculation
does not take into account that the optical thickness will vary
with reference wavelength and incident angle. We see that
even if all refractive indices were available, the porosity pro-
file of a realistic ARC is expected to differ from the profile of
the perfect ARC. A more formal derivation in reflectance
from films with continuously varying refractive index can be
found in Ref. 38.

The profile and reflection of the best performance real-
istic ARC is shown in Fig. 6, with the ambient/PS interface
at 0% and PS/substrate interface at 100%. The thickness of
the layer is 150 nm. The profile has a pronounced peak/dip at
the high porosity side and flattens out at the low porosity
side. This is not surprising for films with optical thickness of
one wavelength and less. The index profile of such films
often has more structure and may contain index discontinui-
ties and homogeneous layers.40 To illustrate the effect of
these features on reflectivity, Fig. 7 shows a comparison of
the optimal porosity profile with one porosity profile lacking
the peak/dip and one profile lacking the flat part. Except
from an interpolation at these features, the porosity profile is
identical to the optimal. The resulting reflections are shown
in Fig. 7�b� and a large effect is seen at short and intermedi-
ate wavelengths. A quadratic and a quintic porosity profile
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FIG. 6. �Color online� Simulation of the best performance model using
realistic limits on porosity �25%–75%� and thickness �150 nm�. Module
glass is set as ambient in the simulation. �a� The porosity profile. �b� The
effect the number of steps has on reflection. �c� The reflectance at both
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are shown for comparison. The quintic profile is the only one
which follows the low reflection of the optimal profile at
intermediate wavelengths.

Note from Fig. 6�b� that, in contrast to the perfect ARC
model, there is little difference in reflection of the profiles
even for the ARC consisting of only one step in each node
�eight nodes in total�. As the total etching time of a 150 nm
thick PS-layer under the current conditions is less than 10 s,
there are practical limits on the number of steps which can be
implemented in the actual ARC. The smallest time interval
permitted by the potensiostat is 50 ms. Therefore, five steps
in each node are chosen for modeling and subsequent forma-
tion. The simulated reflection of this layer, consisting of a
total of 36 steps, is seen in Fig. 6�c�. The reflection is low at
all angles and both polarizations. The model is very robust
and the same optimal profile results independent of the start-
ing point.

The etching parameters used to produce this optimal
ARC were extracted from the relations which were estab-
lished between current density during etching and resulting
porosities. The time necessary at each current density was
deduced from the etching rates. Figure 8 shows the current
densities applied during etching.

VI. RESULTS

We have now established precise relations between PS
properties and etching parameters and modeled the optimal
design of a PS ARC. Based on this information the current
density profiles corresponding to the optimal porosity pro-
files were estimated and etched.

The graded PS films were characterized by spectroscopic
ellipsometry. Gravimetry can be used to find the average
porosity of the films but is of no use to assess the porosity
profile. TEM images of the graded PS layers �Fig. 9� clearly
show a very rough PS/air interface and porosity which de-
creases with depth.

A. Porosity profiles

Figure 10 shows the porosity profiles of two PS layers,
one optimized for use within a module �a� and one optimized

for use without module glass �b�. The depths are given in
percents of the total PS thickness, with the ambient interface
at 0% and silicon substrate interface at 100%. The theoreti-
cally best porosity profile “designed” is compared with the
best fit ellipsometric porosity profile of the corresponding
sample “model.”

The profiles show that the porosity of the samples
roughly follows the original design. However, there are dis-
crepancies in the transition regions between ambient/PS and
PS/silicon, in the thickness of the layers and, for �a�, in the
shape of the porosity profile. Each of these will be discussed
in Sec.VI B.
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FIG. 9. TEM image of graded PS stack optimized for use in air.
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The discrepancies in the transition region are quite evi-
dent and similar in both Figs. 10�a� and 10�b�. The modeled
porosity profile shows a gradual decrease to almost 0% po-
rosity the last 10 nm before the PS/Si interface rather than a
full stop at the designed 25%. The topmost 30–40 nm has a
significantly higher porosity than designed. Two mechanisms
can be used to explain these deviations. First, characteriza-
tion of the single layers have shown that some roughness
occurs at the two interfaces, this is also reported in previous
papers.10 This effect is not taken into account in the design
and will tend to increase the porosity at the ambient/PS in-
terface while it decreases the porosity at the PS/Si interface.
This is in accordance with the trends seen in Fig. 10. Second,
when PS is exposed to HF, a chemical, unpreferential etching
will occur. This effect, however, is much less pronounced
than the preferential etch of the pores. The chemical etch
would generally tend to increase the pore size of the upper-
most part of the PS layer, as this is exposed to HF for the
longest period of time. However, as the graded layers are
exposed to HF for less than 10 s, we consider this effect to be
very small.

Apparently, the etched samples have a more gradual
transition between PS and silicon. Intuitively, this would
lower the reflectance. However, simulations show that the
thickness of the film prevents this outcome, as it is too thin to
allow optimized reflectance at all wavelengths. If the low
porosity could be incorporated as a dip close to the interface
instead of at the interface, this would improve reflectance.
However, this does not seem to be the nature of the interface,
and as far as we can judge, it will be very difficult to pro-
duce. In fact, sharp dips and peaks are in general difficult to
manufacture. This is especially noticeable from the profile
optimized for use without module glass; the designed profile
has a complex shape with distinct dips which are clearly not
followed by the ellipsometric model of the actual etched
sample. The etch is done in less than 4 s and each step
corresponds to approximately 4 nm. It is therefore not sur-
prising that a certain inertia in the etching process prevents
an exact match. In addition, pore “seeding” can be a source
of discrepancies between design and experimental result. The
initial experiments used to determine porosity versus current
density and etch rate, are performed in a constant-current
configuration from the planar, polished wafer surface. The
graded etches, on the other hand, have a varying current
density, which leads to constant initiation or seeding of pores
from the layers that have already been etched. The optimal
porosity profile for a PS layer optimized for use with module
glass is smoother with less dips and peaks. The model gives
a porosity profile closer to the designed but with the same
discrepancies at the interfaces.

The modeled profiles are 20–30 nm thicker than the de-
signed profiles. Judging from TEM images and experience
with single layer PS, this is mainly due to the roughness at
the PS/silicon interface. In the ellipsometric fitting, this roug-
ness is modeled as part of the PS layer.34 Time roundings in
the etching recipe and inaccuracies in the etch-time calibra-
ton curve may also influence the thickness.

B. Reflectance

Figure 11 shows the reflectance of the porosity profiles
in Fig. 10. �a� is the PS layer optimized for air, �b� and �c�
shows the PS layer optimized for module glass. The curve
labeled designed is the reflectance generated by the designed
porosity. The curve model is the reflectance generated by the
best fit ellipsometric model, corresponding to the model po-
rosity profile in Fig. 10.

The designed PS ARC optimized for air ambient has an
integrated reflectance of 2.1%, which is the best obtainable
within the given restrictions. Both the model and the actual
measurement of the sample “measured” experience a shift,
both in absolute values and wavelengths, with respect to the
designed values. This is not unexpected, considering that the
shifts seen in porosity profiles necessarily will display them-
selves in the reflectance as well.

In Fig. 11�b� the “designed”, “measured”, and ellipso-
metric “model-generated” curves are shown for a PS layer
optimized for use within a module but measured and mod-
eled in air. This is done to get a better understanding of
where possible discrepancies have their origin. Clearly, a sig-
nificant shift in wavelengths is visible between the designed
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FIG. 11. �Color online� Designed, measured, and modeled reflectance vs
wavelength for graded PS ARCs. �a� Optimized for operation without use of
module glass. �b� Optimized for operation with use of module glass, reflec-
tance data taken without module glass. �c� Optimized for operation with use
of module glass, reflectance data taken with module glass.
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and measured reflectances. The absolute values, however, are
similar. The designed curve actually has a higher reflectance
than the measured. This is possible because the design is
optimized for module operation, while the resulting reflec-
tance is here displayed as it would be in air ambient. Note
the excellent fit between the measured and model-generated
reflectance. Reflectance data are not utilized during the ellip-
sometric fitting procedure but generated from the best fit
model afterwards. The close fit between measured and mod-
eled values is, therefore, a strong support of the accuracy of
the ellipsometric modeling.

In Fig. 11�c�, all curves refer to a PS layer optimized for
glass and encapsulated in a module. The measurements show
a total integrated reflection of 5.3%, included reflections
from the glass/air interface but excluded absorption-losses in
the glass and EVA. In the designed model, we are not able to
include reflectance from the front side of the module glass.
Glass may readily be used as ambient, but if used as a sepa-
rate layer, standing wave interferences arise and complicate
the theoretical reflectance spectrum with sharp oscillations.
In actual measurements we do, however, not expect to see
such oscillations since even the smallest thickness inhomo-
geneties are enough to effectively destruct them. Therefore,
the generated design spectrum will in effect have subtracted
the glass reflectance “designed-glass”. For direct comparison
we must do the same for the measured spectrum “measured-
glass”. This subtraction has the added benefit of clearly dis-
playing the reflectance which actually results from the PS/
glass interface. The measured integraded reflectance of the
PS ARC is then 1.1%. Note that the integrating sphere setup
used for reflectance measurements does not take absorption
in the glass and EVA into account. Using transmission data
of glass41 and EVA �Ref. 42� to correct for absorption effects,
the actual reflectance of the PS ARC is �1.4%.

The encapsulated PS sample is too thick to obtain ellip-
sometric data. Therefore no model-generated curve is shown
in Fig. 11�c�. Simply using the ellipsometric model obtained
without glass and adding a glass ambient in the model will
not suffice. The EVA will alter the topmost of the PS layer
and an EMA with void as one constituent will no longer be
accurate. For simplicity this is not taken into account in the
original design.

The refractive indices of the the specific glass used in the
modules are found using ellipsometry and transmission data.
The reflectance is then calculated from the refractive indices
using the WVASE32 software. This is shown in Fig. 11�c� as
reference “glass reflectance”. All reflectances are measured
and modeled at an incident angle of 10° to the surface nor-
mal and integrated reflections are given in the wavelength
range 400–1100 nm. The blue part of the terrestrial solar
spectrum, 300–400 nm, is not included due to limitations of
the spectral response unit used for measurements. However,
very few rays in this wavelength range actually reach Earth.
Therefore, even if the reflectance in the 300–400 nm range is
assumed to be high, it modifies the total reflectance by much
less than the standard deviation �0.3� of the reflectance mea-
surements of the laminated PS layer. The uncertainties de-
scribed by the standard deviation are primarily due to inac-

curacies in the spectral response setup and inhomogeneties
on the sample surface.

VII. CONCLUSIONS

By varying current density while all other parameters are
kept constant, a broad porosity span �25%−75%
+roughness� is available for PS. Exploiting the correspond-
ing range of refractive indices, excellent PS ARCs can be
designed and fabricated within restrictions applying for ap-
plication in photovoltaics. Especially when the design incor-
porates module glass, excellent ARCs with a total reflectance
of 5.6%, glass included, can be made inexpensively and in
less than 6 s. Without glass, an integrated reflectance of
�3% is obtained. Important questions such as optimal thick-
ness and passivation are still to be addressed before a graded
PS ARC can be implemented in efficient Si solar cells.
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Reduction of optical losses in colored solar cells with

multilayer antireflection coatings
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Abstract

Solar modules are becoming an everyday presence in several countries. So
far, the installation of such modules has been performed without aesthetic
concerns, typical locations being rooftops or solar power plants. Building-
integrated photovoltaic (BIPV) systems represent an interesting, alternative
approach for increasing the available area for electricity production and po-
tentially for further reducing the cost of solar electricity. In BIPV, the visual
impression of a solar module becomes important, including its color. The
color of a solar module is to a large extent determined by the color of the
cells in the module, which is given by the antireflection coating (ARC). The
ARC is a thin film structure that significantly increases the amount of cur-
rent produced by and, hence, the efficiency of a solar cell. The deposition of
silicon nitride single layer ARCs with a dark blue color is the most common
process in the industry today and plasma enhanced chemical vapor deposi-
tion (PECVD) is mostly used for this purpose. However, access to efficient,
but differently colored solar cells are important for the further development
of BIPV. In this paper, the impact of varying the color of an ARC upon
the optical characteristics and efficiency of a solar cell is investigated. The
overall transmission and reflection of a set of differently colored single layer
ARCs is compared with multilayered silicon nitride ARCs, all made using
PECVD. These are again compared with porous silicon ARCs fabricated us-
ing an electrochemical process allowing for the rapid and simple manufacture
of ARC structures with many tens of layers. In addition to a comparison of
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the optical characteristics of such solar cells, the effect of using colored ARCs
on solar cell efficiency is quantified using the solar cell modeling tool PC1D.
This work shows that the use of multilayer ARC structures can allow solar
cells with a range of different colors throughout the visual spectrum to retain
very high efficiencies.

Keywords: Multilayer antireflection coatings, porous silicon, solar cells,
design, building integrated PV (BIPV)

1. Introduction

The use of solar cells for electricity production has increased rapidly for
more than a full decade. As a result, solar energy systems are becoming
an increasingly visible part of everyday life in several countries. Today, the
majority of solar cells are currently installed with little regard to aesthet-
ics, in locations such as rooftops or solar power plants. Building-integrated
photovoltaic (BIPV) systems represent an interesting, alternative approach
for increasing the available area for electricity production and potentially for
further reducing the cost of solar electricity [1, Ch. 22]. However, BIPV does
not represent a large share of the market today. One factor is that BIPV
elements are in part hampered by a limited choice of aesthetic variation. In
one survey, more than 85% of architects stated that aesthetic concerns would
allow for the installation of solar energy systems with reduced efficiency [2].
One suggested requirement for a ‘well integrated’ solar energy system is that
it results in a good composition of colors and materials [1, Ch. 22]. Clearly,
access to efficient solar modules with a range of colors is desirable.

Deposition of antireflection coatings (ARC) at the front of the solar cell
is a standard procedure in silicon solar cell fabrication. The ARC improves
the photon collection of the cell by reducing the high reflection of a bare Si
wafer (> 30%) to around 10%. The reflection is further reduced with stan-
dard texturing. The most commonly used ARC in industry today is a thin
single layer of amporphous, hydrogenated silicon nitride (a-SiNx:H, hence-
forth shortened to SiNx) deposited by Plasma Enhanced Chemical Vapor
Deposition (PECVD). In addition to improving the efficiency, the ARC also
determines the color of the solar cell.

In principle, there is much room for modifying the appearance of a solar
cell by variation of the ARC. Firstly, by simply varying the thickness of
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the silicon nitride ARC covering the solar cell, a range of colors can be
obtained [3]. However, in the case of single layer ARCs of today, this leads
to a significant reduction in the light transmitted into the solar cell [4]. A
second option, therefore, is the use of multilayer ARCs to obtain an increased
selection of colors, a benefit which can be combined with reduced optical
losses. The deposition of stacks with large numbers of layers is a challenge,
at least in a high-throughput, low cost production environment. However,
if the relative efficiency gain of differently colored solar cells is sufficiently
increased through the use of one slightly more complex processing step, this
can potentially justify the use of multilayer coatings in solar cells for BIPV.

In this paper, both single layer SiNx ARCs and and multilayered ARCs
consisting of SiNx and silicon oxide (SiOx:H, henceforth shortened to SiOx)
were produced by plasma enhanced chemical vapor deposition (PECVD).
For simple processing, only three-layer ARCs requiring relatively short pro-
cess times are investigated in this paper. The two deposited materials were
obtained by using standardized deposition parameters. Modifications of the
deposition parameters can give room for further modulations of the optical
response.

A third and very promising approach towards the rapid and simple man-
ufacture of multilayer ARCs with very high numbers of layers is electrochem-
ical etching of nanoporous silicon (PS) [5]. By varying the current density
during etching the compositional fraction of Si and air can be controlled. The
optical properties of PS are closely related to the porosity of the material.
This results in a unique opportunity to tailor refractive index profiles and
create complex broadband antireflection coatings ARC. In this paper, the
obtainable colors and transmission losses resulting from the use of single and
multilayer films deposited by PECVD are compared to those of PS ARCs.
In addition to a comparison of the optical characteristics of such solar cells,
the effect of using colored ARCs on solar cell efficiency is quantified using
the solar cell modeling tool PC1D [6].

2. Material and methods

Dielectric films and nanoporous silicon films optimized for antireflection
were synthesized and characterized in this work. A PlasmaLab 133 reac-
tor from Oxford Systems was used to deposit single or three-layer ARC
stacks. The single layer ARCs were made from conventional amorphous, hy-
drogenated silicon nitride (SiNx) with a refractive index (nSiN) of ∼ 1.95 and
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hydrogenated silicon oxide (SiOx) with a refractive index (nSiO) of ∼ 1.45.
The triple-layer ARCs were stacks of SiNx and SiOx in the following order:
SiNx/SiOx/SiNx. SiNx was deposited at 400◦ using a gas-mix consisting of
N2, NH3, and SiH4, while SiO2 was deposited at 300◦ using N2, N2O, and
SiH4.

Another set of samples was made by electrochemical synthesis of PS films.
For these experiments, a double cell electrochemical etching system, PSB
Plus 4, from advanced micromaching tools (AMMT) was used. The sub-
strates used were boron doped monocrystalline silicon wafers, 300− 350 µm
thick, one side polished, with a (100) orientation. A special purpose poten-
siostat, PS2 from AMMT, allowed programming of current density profiles
with a time resolution of 50 ms.

Selection of colors and modeling of the performance of the structures was
performed prior to sample preparation. For the single and triple-layer stacks,
the modeling was performed using the software package MacLeod from Thin
Films Center Inc. [7]. For the PS layers, the ellispometric software WVASE32
from Woollam was used.

Prior to the deposition of the films of SiNx and SiOx, the thickness and
deposition rate of the separate films were assessed by ellipsometry. The
ellipsometer used was a variable angle spectroscopic ellipsometer (VASE)
from Woollam. For PS, careful mapping of the relation between current
density, porosity and etch rate was performed on single layers prior to etching
complex structures.

After the two different ARC structures were fabricated, their optical and
structural properties were characterized using ellipsometry and reflection
measurements. Reflection measurements were carried out using an integrated
sphere spectral response setup.

In addition to optical characterization, the impact of the resulting trans-
mission variations upon solar cell efficiency was determined by device mod-
eling. The resulting modifications to the short circuit current density, (Jsc),
and efficiency were obtained by using the software PC1D [6]. The trans-
mission spectra used as input in the PC1D modeling is found by combining
absorption spectra obtained from ellipsometry with measured reflection spec-
tra. The main characteristics of the solar cell model are described in Table
1.

It should be mentioned that the ARCs described herein are optimized for
use in an air ambient. Practical solar cells will be encapsulated in a polymer
(EVA) and protected by glass. However, the methods applied in this work
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can also easily be applied to the design ARCs for use in a conventional,
laminated solar module configuration.

3. Theory/calculation

3.1. Optics

For the single and triple layer structures fabricated with PECVD, MacLeod
was used for determining suitable thicknesses of the layers. For the modeling,
layers with a refractive index of 1.95 (SiNx) and 1.45 (SiOx) were used. For
simplicity, the layers were assumed to be non-absorbing during the model-
ing. In order to obtain clear colors while maintaining low reflection, a target
spectrum with a reflection of 100% for a selected wavelength region and 0%
for the remaining, relevant part of the solar spectrum was defined. The
layer thicknesses best suited to reproduce the target spectrum is the direct
outcome of the fitting procedure.

By using PS, multiple layers with different refractive indices can be etched
in one single process-step. Both the thickness and the refractive index can
then be varied to obtain the desired reflection. Modeling of the optimal PS
structure is complicated by the need of a relation between the porosity and
the refractive index. This challenge is met by using the ellipsometric software
tool WVASE32 for modeling. The software is usually used to model the phys-
ical properties of materials based on information from optical data. Hence,
approximations providing the necessary bridge between refractive index and
compositional fractions are easily accessible. Effective medium models where
the refractive index of the resulting structure is a mix of the refractive in-
dices of air and silicon, are commonly used to model PS [8]. In this work it
is the Bruggeman effective medium approximation [9] that is utilized. The
optical constants of Si is taken from [10]. The flexibility in the modulation
of the reflection spectra generally increase with increasing number of PS lay-
ers, but for such thin structures as those presented here, the improvement
quickly saturates. Since the total etching time of all PS multilayers prepared
in this work is less than 10 s, there are also practical limits on the number
of steps which can be implemented in the actual ARC. The smallest time
interval permitted by the potensiostat is 50 ms. As a result, a compositional
model of PS with 36 layers is chosen to accommodate both practical and op-
timal considerations. The structure consisting of eight nodes, with five steps
in the first seven nodes and the last node constituting the final step. The
Levenberg-Marquet minimization routine is used to find the porosity profile
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Table 1: Solar cell parameters used during PC1D simulations.

Parameter Value

Base contact 0.015 Ω
Internal conductor 0.3 S
Internal optical reflection 80 % (specular)
Thickness 270 µm
Diffusion: Sheet res./peak dop./depth factor 50 Ωsq/1.9 · 1020 cm−3/0.25
Bulk lifetime 50 µs
Front surface recombination 50000 cm/s
Rear surface recombination 1000 cm/s

which best corresponds to the predefined reflection. Absorption is not taken
into account in the optimization procedure, but an upper limit on thickness
is set to reduce unwanted absorption in the ARC.

For both types of ARCs, absorption is accounted for in the final evaluation
of their performance calculated in PC1D.

3.2. Solar cell modeling using PC1D

Although a comparison of the overall transmission over the relevant wave-
length region gives a good first impression of the impact of the different ARCs
upon efficiency, the quantum efficiency of a solar cell also depends strongly
on the wavelength. In order to enable a better assessment of the effect of
introducing colored ARCs on solar cells, PC1D was used as a modeling tool.
The basis for the modeling was the solar cell model shown in Table 1. The
resulting spectral internal quantum efficiency, IQE(λ), of this solar cell model
is shown in Figure 1. The solar cell model results in fairly representative solar
cell characteristics, with well-known reductions of IQE(λ) both towards short
and long wavelengths. For all of ARC structures, experimentally determined
transmission spectra were used as input to the modeling. For simplicity and
a more direct comparison with the results from the optical characterization,
the cells were assumed to be without any surface texture. Also, shading
losses were neglected.

4. Results and discussion

An overview over the fabricated ARC structures is given in Figure 2.
The first row shows the thicknesses and colors of the single SiNx layers,
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Figure 1: The internal quantum efficiency of the solar cell model used for PC1D simula-
tions.

the second row illustrates the structure and the thicknesses of the three
layer dielectric stacks, and the third row shows the thicknesses of the four
PS stacks. All thicknesses are determined by spectroscopic ellipsometry.
The effective, weighted reflection, absorption and transmission of each of the
structures, in the wavelength range 300− 1100 nm, is given in Table 2. The
solar spectrum used for weighting the number of incoming photons of different
wavelengths is the standardized 1.5AM terrestrial reference spectrum [11]
adopted by the American Society for Testing and Materials (ASTM). Pictures
and reflection spectra of each of these ARCs are shown in section 4.1. An
evaluation of the performance of the ARC structures when integrated in a
solar cell is performed in PC1D. The efficiencies resulting from each of the
ARC structures is summarized in Table 3.

4.1. Reflection

The reflection spectra of the fabricated structures are shown in Figures
3, 4 and 6. The measured reflection is labeled ‘measured’ and the reflection
generated from the best fit ellipsometric model is labeled ‘modeled’. Note
that it is the thickness and optical constants of the layers that are directly
modeled by ellipsometry. The reflection is calculated from the best fit model.
The excellent fit between ‘measured’ and ‘modeled’ is therefore a strong
support of the validity and accuracy of the ellipsometric models employed.
The reflection measurements are performed in the wavelength range from
300 − 1000 nm, due to influence from backside reflection in the wafer in the
range 1000 − 1100 nm. In this wavelength range, modeled data is used in
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Figure 2: An overview over the fabricated structures. The thicknesses are determined by
spectroscopic ellipsometry. The ‘red’ single layer ARC is only intended to be red, the
layer in fact appears closer to blue.
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Table 2: Reflection, absorption and transmission through the ARCs, weighted by the a
reference solar spectrum [11].

Sample Reflection Absorption Transmission

Single layer SiN - green 0.115 0.035 0.837
Single layer SiN - red 0.094 0.019 0.874
Single layer SiN - blue 0.090 0.028 0.869
Dielectric stack - green 0.175 0.048 0.777
Dielectric stack - red 0.245 0.070 0.685
Dielectric stack - blue 0.143 0.014 0.843
PS multilayer - green 0.074 0.075 0.859
PS multilayer - red 0.042 0.064 0.893
PS multilayer - purple 0.030 0.064 0.907
PS multilayer - orange 0.022 0.059 0.918

calculations of refletion in Table 2. For calculations of absorption in VASE, a
wavelength range of 300−1100 nm is used. The transmitted spectra, used as
input for efficiency simulations in PC1D, are obtained from these absorption
and reflection spectra.

4.1.1. SiN and dielectric stack ARCs

Figure 3 shows the reflection spectra achieved with single layer SiNx opti-
mized for green, red and blue reflection spectra, respectively. The integrated
reflections are low, but the available color range is limited as the layer thick-
ness is the only variable in these films. The reflection spectra have a single
point of zero-reflection. The film intended to be red, is in reality more blue,
illustrating the difficulty of achieving different colors with only one SiNx

layer. Ellipsometric modeling of these simple structures is straight forward
and the accordance between measured and modeled values is excellent.

Figure 4 shows the reflection spectrum achieved with triple layer dielectric
stacks of SiNx/SiOx/SiNx optimized for green, red and blue reflection spectra.
The possibility of tailoring the color of the reflection spectra is significantly
improved, at the expense of a moderate increase in reflection.

Ellipsometric modeling is carried out by using optical constants obtained
from single layer SiNx made under the same deposition parameters. Optical
constants for the SiOx are approximated by tabulated values for SiO2 taken
from Palik et al. [12]. The thickness of the three layers are fitted. Again
the accordance between measured and modeled data is very good. Figure
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Figure 3: Reflection spectra of green, red, and blue single layer SiNx. The curve ‘measured’
refers to the measured spectra and ‘modeled’ refers to the spectra extracted from the best
fit ellipsometric model of the structures.

5 shows the colors of the triple layer SiNx/SiOx/SiNx ARCs corresponding
to the reflection spectra in Figure 4. All the SiNx reflection spectra have a
small systematic wavelength shift compared to the designed stack. This is
due to a small thickness deviation. Further optimization of the deposition
parameters could improve the accuracy with which the designed spectra are
reproduced.

4.1.2. Multilayer nanoporous Silicon ARCs

Figure 6 shows the measured (‘measured’) and ellipsometric model gener-
ated (‘modeled’) reflection spectra of the fabricated colored PS ARCs. Green
(6a), red (6b), purple (6c), and orange (6d) PS ARCs are demonstrated. Fig-
ure 7 shows pictures of the PS ARCs corresponding to the reflection spectra
in Figure 6. Control over both thickness and refractive index results in a large
freedom of tailoring the reflection spectra of the films. The layers can then
be optimized for low reflection in addition to specific color. As seen in Table
2, the integrated reflection of the PS ARCs are extremely low. Especially as
no texturing is performed prior to electrochemical etching.

4.2. Solar cell efficiencies

The efficiency, short circuit current density, and open circuit voltage of
the standardized solar cell with the different colored ARCs are shown in
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Figure 4: Reflection spectra of the green, red and blue triple layer dielectric stacks. The
curve ‘measured’ refers to the measured spectra and ‘modeled’ refers to the spectra ex-
tracted from the best fit ellipsometric model of the structures.

Table 3. Green, red, blue, purple, and orange colored ARCs are produced
that result in simulated efficiencies > 16.9%. PS ARCs provide the highest
efficiencies for all colors, but for blue and green ARCs the lead is marginal.
For blue ARCs there is no gain in efficiency by going from single layer SiN
to a triple layer dielectric stack, but more flexibility is provided with respect
to tailoring the tint of the color. For the green ARCs, a modest efficiency
improvement is obtained by using a triple layer dielectric stack compared
to a single layer SiNx. In the red part of the spectrum, PS ARCs yield
exceptionally low reflection, resulting in significantly higher efficiencies than
the triple layer dielectric stacks. It seems to be difficult to produce clear, red
colors with a single layer SiNx ARC.

A selection of colors was performed in order to investigate the potential of
these techniques for fabrication of colored ARCs. Optimization with respect
to thickness and possible adjustments in the target reflection spectra during
modeling may give further improvements in efficiency for both the dielec-
tric stacks and the multilayer PS. For the PS layers, improved control over
formation parameters can enhance efficiencies due to closer match between
designed and fabricated structures. For SiNx exciting possiblities to change
the refractive index during deposition is emerging. This could increase the
flexibility and enhance the efficiencies of colored SiNx ARCs.
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(a) Green dielectric stack

(b) Red dielectric stack

(c) Blue dielectric stack

Figure 5: Appearance of the colored triple layer dielectric stack ARC.
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(a) Green PS ARC
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(b) Red PS ARC
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(c) Purple PS ARC
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(d) Orange PS ARC

Figure 6: Reflection from colored PS ARCs. The intended reflection (’design) is shown
together with the measured reflection (’measured’) and the reflection generated from the
optical constants in the best fit ellipsometry model (’modeled’).
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(a) Green PS multilayer stack (b) Red PS multilayer stack

(c) Purple PS multilayer stack (d) Orange PS multilayer stack

Figure 7: Appearance of the colored multilayered PS ARCs.
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Table 3: Simulated efficiencies obtained when each ARC is used on a standardized solar
cell. Simulated values for short circuit current density (Jsc) and open circuit voltage (Voc)
are also shown. 1 “Black” referes to perfect transmission through the ARC; no reflection,
no absorption.

Sample Efficiency Jsc Voc Jsc/Jsc(black)

“Black”1 19.8 38.5 620.1 100.0%
Single layer SiN - green 16.6 32.5 615.8 84.4%
Single layer SiN - red 17.6 34.5 617.4 89.6%
Single layer SiN - blue 17.5 34.1 617.1 88.6%
Dielectric stack - green 15.2 29.8 613.5 77.4%
Dielectric stack - red 13.0 25.7 609.7 66.8%
Dielectric stack - blue 16.6 32.5 615.7 84.4%
PS multilayer - green 16.9 33.0 616.2 85.7%
PS multilayer - red 17.5 34.3 617.2 89.0%
PS multilayer - purple 17.8 34.8 617.7 90.4%
PS multilayer - orange 18.1 35.4 618.0 91.9%

5. Conclusions

We have her showed that the ARC of solar cells can be tailored to give
clear colors while retaining high efficiencies. Although the reflection from sin-
gle layer SiNx ARCs are generally low, the colors available by simple thickness
variations are limited. Using triple layer SiNx ARCs, a broader range of col-
ors can be achieved, at the expense of a modest increase in reflection. By
electrochemical etching of the Si wafer, colored ARCs with lower reflection
than conventional, single layer SiNx ARCs can be produced. Colored solar
cells able to absorb in excess of 90% of the incoming light is shown to be ac-
cesible with these structures. However, important issues such as passivation
and process-integration need further improvement before PS ARCs can be
implemented in industrial solar cell production [13].
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