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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

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

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
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Figure 1 Designed and measured reflectance of optimized graded PS ARC
[3]. Single layer PS ARC and bare Si included for comparison.

source of these deviations to improve the fabricated layers
further.
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To achieve efficient manufacture of multilayer PS
ARC:s, 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

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.

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

Copyright line will be provided by the publisher

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 um 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 Q-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, 60°, 65 °, 70°, 75°, and 80°, 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 (r,) and perpendicularly (r;) polar-
ized light. The ratio is usually given in terms of the ellip-
sometric parameters ¥ and A:

r, /1, = tan('¥') - exp(iA). )

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/cm’ for 15 seconds. Ellipsometry was then performed
at four points (r = 0.2 cm, 6 = 0° 90°, 180° and 270°) 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.
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Figure 3. Map over the porosity and thickness variations over 4 cm’
samples of (a, b) a single PS layer etched at 50 mA/cm” and (c, d) a
graded PS layer. The axis dubbed “vertical” and “horizontal” refers to
the location on the sample in cm from the centre. The y-axis to the right
gives the value at each point in nm (thickness) and % (porosity).

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 the graded PS layers intended for solar cell ARCs are
less sensitive to local variations than single layers during
etching.
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Figure 4. Correlation between thickness and porosity for (a) a single
layer PS sample etched at 50 mA/cm’ for 15 seconds and (b) a graded
PS sample optimized as ARC for silicon solar cell applications.

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-
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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-
sometric data is gathered at four points in a radius of 2 mm
from 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
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/cm®
for 15 s over a time span of six weeks, using the same elec-
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Figure 5. Evolution of (a) porosity and (b) thickness and (c) interface
widths with aging of the electrolyte. The measured data points are

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

Si-sub.

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.

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 volume of the electrolyte reser-
voir. We have previously studied the effect of chemical
etching and found it to be insignificant for etching times
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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 slope the first week after mixing
of the 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 substrate and PS is visible in
the 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 studies are generally performed by mechanical and
optical 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 from PS
interfaces may degrade the optical performance of a given
device [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-
ing are studied by use of variable angle spectroscopic ellip-

sometry. Electrolyte aging clearly displays itself in a de-
creasing porosity and increasing etch rate of the PS sam-
ples. 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 ethanol,
HF 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 respon-
sible 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 identical
conditions 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 Kkinetic
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/cm? 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 SiO,) layer might be due to a change in formation mechanism, from a Kinetic
dominated surface reaction dissolution to a mixed kinetic/diffusional electrochemical
dissolution.
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Ellipsometry, Reflectometry, and XPS Comparative Studies of Oxidation Effects on
Graded Porous Silicon Antireflection Coatings
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* 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 m*cm’ (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
ARC:s 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 (C;HsOH) in a volume ratio 2:3,
giving a HF concentration of 20%. The wafers used were boron doped, 300-350 ym
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 Qcm. 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/cm® 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 N, 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 ULTRA®°using monochromated
Al Ka radiation (hv =1486.6 e¢V) 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 pA and a 500s
cycle time. The mean free path (A) of Si-2p electrons in Si is 3.18 nm. This means that
the photoelectron escape depth in Si is 3Acos(0) = 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.
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