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Abstract. The reflectance of nickel-pigmented anodized thin alumina films on aluminium
has been measured in the infrared range between 5 andn20 The strong absorption of
plain porous alumina, found at around 10n for p-polarized light at an oblique angle of
incidence and originating from the longitudinal optical phonons interacting with light, is reduced
for pigmented alumina. Electrochemical deposition of nickel in the pores of anodic alumina
starts from the bottom of the pores, forming a nickel-pigmented bottom layer as the time of
pigmentation increases. It is shown from p-polarized reflectance measurements at an oblique
angle of incidence that with increasing thickness of the nickel-filled bottom layer the LO mode
absorption is decreasing. This is consistent with effective-medium calculations which have been
performed using the Maxwell Garnett model. It is found to be an effect of the geometrical shape
and orientation of the nickel particles, which for these samples appear as rods with their long
axes perpendicular to the sample surface.

1. Introduction

Alumina is used in a variety of technical applications, one of which is as the matrix for small
metallic particles in solar absorbers. With the appropriate concentration of metallic particles
and the correct film thickness, this cermet layer has good solar selective properties [1-4].
Studies of the solar selective properties of nickel-pigmented anodized aluminium have led
to this study of the more fundamental infrared optical properties of cermets reported here.
The purpose was to minimize the thermal emittance of the absorber surface.

Commercial solar absorbers of nickel-pigmented aluminium oxide are produced by
anodization in phosphoric acid followed by electrochemical deposition of nickel particles
in the pores of the alumina. It has been found that anodic alumina formed in phosphoric
acid has a larger pore fraction than alumina prepared in other acids [10, 21]. The diameter
of the pores can be as large as 200 nm and constitute up to 40% of the total volume [5].
Such a large volume fraction of metal is suitable for obtaining high solar absorption within
a film which is more or less infrared transparent since it is much thinner than the infrared
wavelengths.

In plain alumina the porosity influences the optical properties. It has been shown that the
reflectance minimum at the wavelengths of the longitudinal optical phonon mode observed
for p-polarized light at oblique angles of incidence is shifted in wavelength compared to
that of non-porous alumina [6]. Optical properties of anodic pigmented alumina in the
wavelength range 5-2@m were not found in a literature survey made for this study.
Similar systems of coevaporated Co-B4 cermets have been studied in detail in this

0953-8984/96/275125+14$19.50C) 1996 I0OP Publishing Ltd 5125



5126 E Wackelgird

wavelength range [3]. The dielectric function for cermets containing different filling factors
of cobalt was determined from reflectance and transmittance measurements. It was found
that metal particles in concentrations below the percolation threshold give rise to a dielectric,
non-metallic response to the electric field. The imaginary part of the dielectric function has
the same features as that of pure evaporated alumina [7], but the peaks corresponding to the
transverse optical phonon modes of alumina are enhanced, just as if the modes have become
stronger due to the presence of the metal particles. The real part displays a behaviour that
is not currently understood. The real part of the dielectric function of ionic materials is
negative between the wavelengths of the transverse and longitudinal optical phonon modes,
at least for the LO-TO pair of shortest wavelengths. According to mean-field theory,
there should be larger negative values in this range when cobalt particles are present in the
alumina [3] but the experimental findings reveal that there is no region with negative values.
The experimental values in the vicinity of the longitudinal optical mode are far outside the
Bergman—Milton boundaries [8] that describe the theoretical limits of the dielectric function
for a two-component composite treated as an effectively homogeneous medium.

In this report, the infrared properties in the wavelength range p#8Care investigated
for anodic alumina with nickel-filled pores.

2. Sample preparation

Rolled electroplated aluminium was used as the substrate. The aluminium samples were
anodized in 2.5 M phosphoric acid at a constant dc voltage of 15 V for 15 minutes at a
temperature of 19 + 0.5 °C. Then pigmentation followed in a solution of 20 g Ni§O

20 g MgSQ, 20 g (NH4)2SO, and 20 g HBOs at 15 V ac at room temperature. The
ammonium sulphate improves the conductivity of the solution, and magnesium sulphate has
been found to improve the colouring conditions [9]. The solution is buffered with boric acid
to maintain a pH of about 6.5-7. Two sets of samples were prepared, one for comparisons
of the infrared optical properties between plain and pigmented aluminium oxide (samples 1
and 2), and the other, consisting of five samples (samples 3-7), were pigmented for different
times and were used to study the gradual change of the reflectance with increased nickel
content in the oxide. The samples are presented in table 1.

3. Sample characterization

The oxide film thickness and surface roughness were measured with an Alpha-Step 200
mechanical stylus profilometer. The film thickness was found to.66 8 0.02 um with
an average roughness af@ pum.

The nickel particles could be seen with SEM by dissolving the oxide in chromic
phosphoric acid [10]; they had the appearance of solid rods about 30 nm thick3and0
long on average for sample 2. There is probably a size distribution, but this was difficult
to determine from the SEM images. It has been shown earlier that particles formed
electrochemically from nickel sulphates in anodic porous aluminium oxide have a shape
which appears to be a cast of the pore which they are formed in [11]. It is also clear
from that study that the particles are solid and non-porous. There has been some discussion
in the literature about the chemical composition of these particles, but the most rigorous
investigation, done by electron diffraction, shows that the particles are metallic [12].

Depth profile measurements have been carried out by using GDOES (glow discharge
optical emission spectroscopy). According to these measurements, the pigmented alumina
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Table 1. The nickel content of the samples as determined by GDOES. The samples have been
anodized identically but pigmented with nickel for different times.

Pigmentation  Nickel

time content
Sample  (min) (g m?)
1 0 0
2 2 0.83
3 1 0.34
4 2 0.63
5 3 0.79
6 4 0.90
7 5 1.08
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Figure 1. GDOES depth profile measurements showing the nickel content in nickel-pigmented
alumina. The sample numbers refer to table 1.

film consists of aluminium, oxygen and nickel. Very small amounts of phosphor

contamination from the anodizing electrolytes were also recorded, but there were no
detectable remainders of sulphur, magnesium or nitrogen originating from the pigmentation.
Figure 1 presents the depth profiles of nickel, and the total nickel content of each sample
is tabulated in table 1. The pigmentation starts from the bottom of the pores and they are
gradually filled during the course of pigmentation, so the pigmented part of the film increases
in thickness and nickel content. From GDOES measurements it is hard to find an average
particle size and size distribution since the tail of the nickel content recorded towards the
surface is convoluted with an unknown instrumental uncertainty. For this reason, the layer
is characterized by a double layer consisting of a bottom layer with nickel in the pores and
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a top layer with air-filled pores. A pore fraction of 0.3 is found from TEM pictures on plain
porous alumina [6]. Owing to the anisotropic character of the layer, optical anisotropy can
be expected.

4. Optical measurements

Spectral specular reflectance was measured in the wavelength ranger2-+&ith a Perkin—
Elmer 983 Infrared Spectrophotometer. The reflectance of s- and p-polarized light was
measured between 1%mnd 75 in steps of 8 for sample 2 (table 1) using an accessory
for variable angles of incidence. An aluminium film evaporated onto glass was used as
a reference. The reflectance data of the samples were divided by the reference spectrum
and multiplied by the calculated reflectance of aluminium using optical constants from the
literature [13].

For samples 3—7 the reflectance was measured in the wavelength range 520
p-polarized light at 75

5. Experimental results from optical measurements

Reflectance spectra are presented for s- and p-polarized light for sample 2 in figure 2. The
anisotropy of the microstructure with columnar nickel rods perpendicular to the surface is
manifested in the large difference in reflectance for s- and p-polarized light at high angles
of incidence in the interval 2-4m. The broad absorption band for p-polarized light at
around 10um is due to the longitudinal optical phonon mode of alumina [6].

In figure 3, the effect of nickel content is demonstrated in the p-polarized reflectance at
obligue incidence (75 for samples 1-7. As the amount of nickel increases, the absorption
at the LO wavelengths decreases. These changes in the optical properties induced by the
presence of the metal particles are discussed later in this paper.

6. Determining the optical constants

Optical constants can be derived solely from reflectance measurements. The method
described in [6] has been used here, in which optical constants have been determined
by using the Newton—Raphson [14] iterative method to fit the experimental reflectance for
p-polarized light measured at 5@nd 75 with the Fresnel formulae. It was possible to fit

the data in the interval 5-20m where the reflectance is significantly different for these two
angles of incidence. These optical constants can be interpreted as effective isotropic optical
constants, but as they are derived from high-angle p-polarized reflectance, they should
mostly resemble the component of the proper anisotropic optical constants perpendicular
to the surface. This was previously found to be the case for plain alumina [6]. The
validity of treating the cermet as an isotropic medium in the infrared region is shown by
the plots in figure 4. The reflectance was calculated for the rest of the angles of incidence
measured using the optical constants derived and the Fresnel formulae for an isotropic film
on aluminium. The results are shown in figure 4 for three selected angles. The discrepancies
between the calculations and the experimental values are quite small. This is also the case
for the s-polarized light for which the optical constants fit the data reasonably well. The
reason that the anisotropy has such a small influence in this wavelength range is discussed
later.
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Figure 2. The specular s-a) and p- ¢) polarized reflectance of nickel-pigmented alumina,
sample 2, for three different angles of incidence. The film causes interference pattern in the
near-infrared wavelength range.
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Figure 3. The specular p-polarized reflectance of the nickel-pigmented samples. The sample
numbers are the same as in table 1. The angle of incidence of the light.is 75

7. Theory

The dielectric function calculated from the experimental complex refractive index is
presented in figure 5. Error bars are drawn for some experimental points to show the
level of uncertainty in different intervals. These were obtained for each point from the
combination ofR.,,+0.01,6 +0.5 and the thickness uncertainty £0.02 um, which gave

the largest deviation in the refractive index. For comparison, the experimental dielectric
function for the same oxide without nickel, derived with the same method [6], has also
been plotted. Both the real and imaginary parts of the dielectric function are enhanced in
comparison to the plain porous oxide in the same manner as for evaporated,Ga—fhe

real part is also shifted to higher positive values. The energy-loss function has diminished,
which shows that LO absorption has been quenched by the metal particles.

Mean-field theory can be used since the size of the pores in the alumina is smaller
than the infrared wavelengths. The same procedure has been followed as for plain porous
alumina [6]. Both the Maxwell Garnett and Bruggeman effective-medium models for small
particles [15-17] have been used to calculate the dielectric function of the cermet. The
results were the same for the two models and therefore only the Maxwell Garnett effective
dielectric function is presented here. The shape of the pores is simplified by assuming that
they are long cylinders perpendicular to the surface. The dielectric function was calculated
for the electromagnetic field perpendicular, and parallelg,, to the surface of the sample.

The chosen-coordinate axis also coincides with the long axis of the cylindrical particles.
The dielectric function of the electron-beam-evaporated aluminium oxide [7] was used for
the dielectric and bulk nickel data [18, 19] for the nickel particles. The equations for the
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Figure 4. The specular s and p- ¢) polarized reflectance, experimental and calculated using
the optical constants from the fit of Fresnel's formula to the experimental reflectance°for 50
and 75 angles of incidence.

Maxwell Garnett effective dielectric function, with the appropriate numerical values for the
depolarization (zero in the-direction and 0.5 in the-direction) and with a filling factor
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Figure 5. The dielectric function of nickel-pigmented aluminaz) (the real part; £) the
imaginary part; andd) the energy-loss function. A line fit is shown as a guide to the eye.

For comparison the dielectric function of unpigmented alumina, sample 1 [6], is also presented
in the figure.

of 0.3 for air in the pores within the top layés,, = 1) are:

g(@alox), = 0.3 + 0.7goxide (1a)
a(alox)x = Soxide(0-65+ 0-3580xide)/(0-35+ O-65<‘3oxide) (1b)
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Figure 5. (Continued)

and for the nickel-filled bottom layer with the same filling factor and depolarization factors

s(nialox)z = 0.3¢nickel + 0.7¢0xide (2a)
e(nialox)x = onide(0-658nickel + 0~3580xide)/(0-3&nickel + 0-6580xide)~ (2b)

These last two equations show that the anisotropy of the nickel-filled film is large because
¢, is the dielectric function of a metal while, is the dielectric function of a dielectric. The
Wiener equations [20] for a stratified structure with total thickness less then the wavelength
have been used to calculate the effective dielectric function for the whole layer. For sample
2, the top layer with air-filled pores was determined to beh2 and the nickel-filled part
to be 0.3um according to the sample characterization. The Wiener equations then become

1/e, = 0.4/¢(alox), 4+ 0.6/¢(nialox), (3a)
&y = 0.4¢(alox), + 0.6e(nialox),. (3b)

It is clearly seen from these two expressions that bgtande, have a dielectric character,

and a lower anisotropy is expected, as the calculations shown in figure 6 indicate. The
top layer of plain alumina changes the response inztd&ection to a dielectric one. This
explains the small anisotropy which was found experimentally. From a comparison of the
experimental and calculated dielectric functions in figure 6, it is seen that the theoretical real
part is lower than that found experimentally, and vice versa for the imaginary part, but the
dielectric function is enhanced in both cases compared to that of plain porous alumina. It
can also be noticed that thecomponent of the effective dielectric function is closest to the
experimental values, which is as expected since the latter are determined from high-angle
p-polarized reflectance. A difference of a more fundamental nature is that the real part of
the dielectric function has a zero crossing which is not found experimentally. The Wiener
bounds [20] were calculated for the wavelengths 5, 11.6 anfl Ath and it was found

that the experimental effective dielectric function was outside the bounds, except for at the
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Figure 6. The effective dielectric function obtained using Maxwell Garnett effective-medium
theory is compared with the experimental dielectric function of figured):tlfe real part; §)
the imaginary part; andc) the energy-loss function.

shortest wavelength. The Wiener bounds demarcate the region in the complex plane with
all possible values of the dielectric function when the filling factor is varied between 0 and
1 using the Wiener equations (equations (3)). The Wiener bounds are used to give a very
broad estimate of what can be physically realistic in a two-component composite, which
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Figure 7. The calculated p-polarized reflectance for & ahgle of incidencex symbolizes the
ratio of the amount of unpigmented top layer to the total alumina layer of thickngsgr.
The effective dielectric functions of equations (1) and (2) have been used in the calculations.
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Figure 8. The calculated p-polarized reflectance for & #hmgle of incidence for spherical
particles, comparing non-pigmented £ 1) with a fully pigmented X = 0) porous alumina
with the same volume fraction 0.3 of nickel/air and film thicknesS,.0m, as for the calculations
in figure 7.

can be treated as an effective medium in the wavelength range of the measurements. The
real part of the dielectric function was far outside the Wiener bounds for the wavelength of
the LO mode, 11.6:m, which means that theory and experiment are in clear contradiction
for the interaction between light and LO phonons in cermets. The energy-loss function
also reveals this discrepancy between theory and experiment. The theoretical energy-loss
function is smaller for the pigmented alumina compared to plain alumina at the LO mode
wavelengths, but is not as small as required from an experimental point of viewz-The
component of the nickel-pigmented layer is, as mentioned before, the dielectric function of
a metal and, because of this, the energy-loss function is close to zero and lacks a maximum.
The peak in the energy loss perpendicular to the surface originates from the plain alumina
top layer. This is also illustrated by calculations of the p-polarized reflectance at a 75
angle of incidence, presented in figure 7. The reflectance has been calculated for a film
0.5 um thick, using the effective dielectric function, varying the fractional thickness of
the nickel-pigmented layer from O to 1 in steps of 0.2. The LO mode absorption is totally
guenched when the film is pigmented to the front surface. The theoretical reflectance curves
do show the same behaviour as the experimental reflectance (figure 3). The LO absorption
is reduced as the pigmented part of the film becomes thicker. Since this is an effect of the
geometric form of the nickel particles, for which thecomponent of the dielectric function

is metallic, the same effect is not expected for spherical particles as is shown in figure 8.
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8. Conclusion

The dielectric function for thin nickel-pigmented alumina films on aluminium has been
determined in the wavelength range 52 by fitting high-angle-of-incidence p-polarized
reflectance to the Fresnel formula for an isotropic film on aluminium. Rod-like nickel
particles in the alumina matrix with their long axis perpendicular to the surface give rise
to considerable anisotropy since the character of the dielectric function is metallic for the
electromagnetic field perpendicular to the surface and dielectric for fields parallel to it. The
anisotropy should be observed experimentally in optical measurements, independently of
the wavelength, if the metal particles were to reach the front surface of the alumina film.
However, if there is a top layer of plain alumina above the pigmented layer, and both
layers have a thickness which is less than the measured wavelength, this large anisotropy
vanishes and the dielectric function behaves as a dielectric in both directions. This explains
why the isotropic experimental dielectric function can be used to calculate both the s- and
p-polarized reflectance as shown in figure 4 in the wavelength range 56m20

The large difference between the experimental and theoretical values of the real part
of the dielectric function in the wavelength range around the LO mode was also seen
in coevaporated Co—-AD; [3]. There is currently no explanation for this. However,
the reflectance calculated using the Maxwell Garnett model does reproduce the important
features of the reflectance found in the experimental measurements of nickel-pigmented
anodic alumina. It is clear from these calculations that the quenching of the LO mode
absorption is an effect of the special geometry of the metallic particles. It is this that makes
the depolarization factor zero perpendicular to the surface causing a metallic response to the
electromagnetic field and no LO mode absorption. The measured reflectance at wavelengths
corresponding to the LO mode can be used to estimate the partial thickness of the pigmented
layer if the reflectance of unpigmented alumina of the same thickness and prepared under
the same conditions is used as a reference.
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