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Evaluation of Potential Residual Silica as Antireflective Layer for Selective Solar Surface of 
Black Chromium

Ithyara Dheylle Machado Medeirosa, Ronny Peterson da Nobrega Gonçalvesa , Valeska Lisandra 

Menezesa, Gabriela Oliveira Galvãob, Kelly Cristiane Gomesa,b*

Received: November 22, 2018; Revised: March 15, 2019; Accepted: April 08, 2019

Selective surfaces have the function of absorbing strongly the sunlight, while ideally losing little 
heat to the environment via convection and radiation. The present study sought to obtain a selective 
surface of black chromium coated with an antireflective (AR) layer based on sugarcane bagasse ash 
using copper as a substrate. From this selective surface the electrodeposition parameters (time, working 
distance, voltage) as well as the surface behavior were analyzed in order to determine if the AR layer 
provided an increase in the absorption levels of the film. By means of the present study it was possible 
to conclude that, in terms of the electrodeposition parameters evaluated, the anode-cathode distance 
of 5 cm stimulated the obtaining of higher levels of absorption. The addition of the antireflective 
layer on the black chromium films favored the increase of the absortance average in all the adopted 
parameter sets, besides reducing the standard deviation around the average. As for the microstructure 
of the obtained films, the increase of the parameter Ra promoted the increase of the absorption, due 
to the formation of optical traps.
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1. Introduction

The energy potential of the sun is source of study of 
many applications1, however a methodology for a better 
use of this source still needs to be explored. In addition, 
the efficiency of the collection, conversion and storage for 
the most possible economic exploitation of this energy is 
fundamental for its utilization in commercial scale2.

An economic way of using solar energy requires the 
utilization of flat plane solar collectors, which capture the 
largest portion of the sun’s incident energy and transfer a 
fraction of that captured energy to a working fluid that will 
transport it, so that it is used3.

In thermal solar technologies, the sunlight is absorbed 
as heat in the absorber of the flat surface. This coating must 
strongly absorb the sunlight, while ideally losing as little heat 
as possible to the environment via convection and radiation. 
A film that has a high level of absorption and a low emittance 
in the infrared (IR) region is called a spectrally selective 
absorber, or selective surface4. This surface has its efficiency 
increased when integrated with an antireflective layer (AR) 
and a reflective layer base (a substrate that intrinsically 
reflects the IR radiation)5.

Therefore, a solar selective surface is the coating 
characterized by the following proprieties: high absorptance 
in the solar radiation spectrum range of 0,3 µm < λ < 2,0 µm 

and low emittance in the thermal irradiation range of 
2,0 µm < λ < 50 µm above the operating temperature of the 
absorber plate6.

Many methods had been used to prepare selective 
absorbers, such as electrodeposition, sputtering, evaporation, 
pyrolysis, painting and sol-gel7. This study opted for the 
use of the electrodeposition technique due to the simplicity 
of the equipment used and its low cost, the good optical 
proprieties (absorptance and emittance) of the obtained 
coatings, in addition to the technique being able to the realized 
at ambient temperature and atmospheric pressure, which 
makes it particularly attractive for industrial applications8.

In terms of the material to be electrodeposited, the use 
of black chromium as a solar selective coating received 
considerable attention since McDonald9 introduced and 
demonstrated its efficiency, being the technology of the coating 
production substantially increased since its first utilization.

The influence of the electrodeposition parameters on the 
absorptance of black chromium has been analysed10,11, such 
as the structure of the selective surface12. As an example, 
the multilayer structure, known by Lampert13 as interference 
stacks, stands out as a dielectric-metallic combination that 
acts as a selective filter for energy absorption. The desired 
effect of an interference stack is making particular wavelength 
of solar energy to be absorbed by the multiple reflection in 
the layers, while other wavelength, not corresponding the 
absorption frequency of these layers, are reflected3.
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A material that has been exploited in all types of 
antireflective coatings with particular emphasis on selective 
surfaces is silicon. In addition to having its AR function 
extensively studied, silica-based films are chemically inert, 
durable and resistant to abrasion14.

On this regard, in order to use a silica source, a material 
that stands out due to the high content of silicon oxide in its 
composition is the sugarcane bagasse ash with contents around 
80%, taking into account variations due to the condition of 
burning and milling of the ash15. This waste of the sugar 
and alcohol industry shows itself as a potential alternative 
as raw material for AR coatings.

As a result, this study sought to obtain a selective 
surface of black chromium using copper as a substrate and 
coated with an antireflective layer based on the sugarcane 
bagasse ash. From this selective surface the electrodeposition 
parameters as well as the surface behavior were analyzed 
in order to determine if the RA layer provided an increase 
in the absorption levels of the film.

2. Experimental Techniques

For the accomplishment of this study, copper substrates 
with dimensions of 20 mm x 30 mm were used. The substrates 
were submitted to a degreasing bath, and then immersed in 
a VETEC diisopropyl ether (C6H14O) where they remained 
for 30 minutes, being sequentially washed in distilled water, 
dried and stored.

The composition of the electrolytic bath was based in the 
works of Daryabegy and Madmoodpoor16 and is described in 
Table 1. The set of variables applied in the electrodeposition 
and their respective nomenclatures are exposed in Table 2.

The distances specified in Table 2 refer to the separation 
between the substrate (cathode) and a Pb-Sb alloy (95-5%) 
(anode). The voltage employed was obtained by the Agilent 
continuous current source, model E3631A.

The black chromium films were submitted to UV-Vis-
NIR spectrophotometry using a spectrophotometer by 
Shimadzu, model UV-2600 operating in the region of 220 
nm to 1400 nm with measurements of the reflectance using 
the integrating sphere accessory.

The surface roughness of the films were obtained by the 
CCI MP non-contact optical profilometer, manufactured by 
Taylor Hobson, connected to a computerized unit using the 
Taysurf CCI software (Taylor Hobson) for obtaining and 
analyzing the data.

The morphological characteristics were observed through a 
FEI scanning electron microscopy (SEM) with environmental 
module, model Quanta 450, using the functioning principle 
of secondary electrons.

After the characterizations mentioned above, the 
electrodeposited films were covered with an antireflective 
layer, being therefore, named with the addition of an + AR 
suffix in all the produced films, and submitted to the same 
analysis as before.

3. Results and Discussion

3.1 Spectrophotometry UV-Vis-NIR

The absorptance levels of the films produced by black 
chromium electrodeposition are shown in Figure 1.

Figure 1 shows that samples 3, 5, 6, 7 and 8 presented 
rather similar absorption and behavior (around 90%) along the 
spectrum under study. Thus, when analyzing the parameters 
involved in the production of these five films (Table 2), it is 
perceptible that the only variable that remained constant in 
80% of the samples was the anode-cathode distance of 5 cm.

This analysis corroborates with the work of Lee10 which 
using the electrodeposition technique with a working distance 
of 5 cm between anode and cathode obtained black chromium 
coatings (prepared in copper substrates coated with nickel) 
with levels of absorptance between 80 and 90 %.

In addition to the influence of the electrodeposition 
parameters, the fact that the films were electrodeposited on 
the copper substrate may have boosted absorption levels, 

Table 1. Chemical bath for electrolytic deposition

Chemical Bath Concentration

CrO3 274 g/l

H2SiF6 0,854 g/l

Table 2. Parameters for black chromium electrolytic deposition

Nomeclature 
of the samples

Electrodeposition parameters

Voltage (V) Distance (cm) Time (min)

1 5 10 10

2 5 10 5

3 6 10 10

4 6 10 5

5 5 5 10

6 5 5 5

7 6 5 10

8 6 5 5 Figure 1. Percentage of absortance of the electrodeposited black 
chromium films. 
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since a better performance of copper compared to other 
types of substrates is reported in the literature, such as in a 
study held by Lee et al.6 , in which black chromium coatings 
on copper and stainless steel substrates were prepared 
by electrodeposition in order to investigate their thermal 
degradation with increasing annealing temperature. They 
determined that the films produced on the copper substrate 
showed better performance at absorption levels (91%) than 
those deposited on steel (88%).

In a study held by Farooq and Raja17, in which the 
black chromium coatings were electrodeposited on copper 
and aluminum substrates, films on the copper substrate 
also showed the highest levels of absorption. In order to 
compare the performance of fourteen types of substrates, 
Smith et al.18 realized that while the copper substrate reached 
absorptance levels of 98%, the steel obtained levels of 95%. 
This is justified by Vasudevan et al.19, who stated that the 
bath throwing power is improved if the substrate is coated 
with copper or nickel.

However, the level of absorption of the film can still 
be improved. By the study of Farooq and Raja17 one can 
understand that this objective can be reached with the use of 
an AR layer because, when depositing on copper substrates, 
a film of Ni:SiO2 obtained an average of 95% absorption, 
higher than the electrodeposited film.

Thus, the same black chromium films employed to 
determine the absorptions expressed in Figure 1 were coated 
with the AR layer. The result of the absorptances of this set 
can be analyzed in Figure 2.

For allowing a better analogy between black chromium 
coatings without and with the AR layer, Figure 3 shows the 
average absorptance and the respective standard deviations 
of each film deposited on the copper substrate.

From Figure 3 one can notice that all electrodeposited 
selective coatings had their absorption levels risen in the 
order of 1,4% to 7,8% after the deposition of the AR layer 
in addition to having their standard deviations reduced, 
which guarantees the production of films with more precise 
absorption levels.

It is observed that although the AR layer significantly 
improved the absorption performance of the electrodeposited 
films with a working distance of 10 cm, when compared 
to the films deposited with an anode-cathode distance of 
5 cm, those of smaller distance obtained the higher levels 
of absorption with lower values of standard deviation, 
evidencing the direct influence of the working distance. In 
this sense, in the present study, the distance of 5 cm was 
shown to be the most adequate to be used, in order to obtain 
higher absorption levels10.

3.2 Optical Perfilometry

The obtained films were also submitted surface analysis 
in the profilometer, without and with the AR layer, as can 
be seen in Table 3.

In terms of working distance, it can be observed from 
Table 3 that for a greater distance(10 cm) the parameter Ra 
presents smaller values (less roughness), resulting in a lower 
absorption, besides a high standard deviation. When a smaller 
working distance (5 cm) was used, the parameter Ra was 
enlarged along with the film absorption, besides promoting 
reduction in the standard deviation of the absorption levels. 
This evidences the influence of the working distance in 
obtaining a suitable roughness to the use of the coatings as 
selective solar absorbers.

This influence can also be corroborated by the microstructural 
analysis that evidenced the improvement of the quality of 
films produced with a shorter working distance. This was 
already expected by the fact that at a lower anode-cathode 
distance the deposition reaction occurs more easily6.

In addition, it was possible to observe that with the 
insertion of the AR layer, the roughness levels were increased, 
at all the working distances used, favoring the increase of 
the absorption. For absorption levels, it is observed that the 
ideal value for obtaining absorptance over 90% is with Ra 
between 0.25 µm and 2.5 µm.

Thus, by Table 3, it can be observed that higher Ra 
parameter indicates greater film absorption, both without and 

Figure 2. Percentage of absorptance of the black chromium films 
coated by the AR layer. 

Figure 3. Comparison between the average absorption obtained 
by the films without and with the AR layer. 
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with the AR layer. It is noted that as the Ra parameter were 
similar and sometimes between the range of wavelengths 
under study (220 nm - 1400 nm) the obtaining of high levels 
of absorption is possible. This fact can be explained by the 
optical trap phenomenon.

According to Kennedy3, optical traps are capable of 
stablishing a distinction between the different wavelengths, 
in a way that the surface appear rugged and absorbent to 
solar radiation while being mirrored and reflecting to thermal 
radiation. This may have been the reason why sample 1 
did not achieve a good result, while the same film when 
covered with the AR layer achieved. To better visualize 
the possibility of optical traps in the surface of these films, 
Figure 4 illustrates their 3D Profilometry.

According to Cuomo et al.20 a surface constituted of an 
austere forest of aligned needles with diameters in the same 
dimensions as the visible light wavelengths, with distances 
between them in the order of many wavelengths, allows an 

absorption with higher efficiency in function of the multiple 
reflections occurring as the photons penetrate the labyrinth of 
needles. Thus, by observing Figure 4, the increasing of the 
Rp, Rv and Ra parameters may have promoted this “labyrinth 
of needles” construction that favored the absorption.

Through Figure 5 it is noticeable the construction of 
the optical trap in the surface of the film, being one the of 
possible causes for the increasing of the absorption.

3.3 Scanning Electron Microscope (SEM)

SEM analysis granted the visualization of the films surfaces, 
allowing the comprehension of their solidification process. 
The films exposed to Surface Profilometry (Figures 4 and 5) 
are illustrated in the form of micrographs in Figures 6 
and 7, in order to establish a comparison between the two 
microstructural characterization techniques.

By the analysis of Figures 6 and 7, one can notice that the 
electrodeposited films presented cracks. This phenomenon 

Table 3. Ra parameter of the electrodeposited films over copper substrate, with and without AR layer.

Samples Ra (µm)
Average 

absorptance (%) 
(220 nm – 1400 nm)

Standard 
deviation 

(%)
Samples Ra (µm)

Average 
absorptance (%)  

(220 nm – 1400 nm)

Standard 
deviation 

(%)

1 0,09 84,72 ±7,18 1 + AR 1,36 92,53 ±2,22

2 0,13 88,68 ±3,34 2 + AR 1,57 92,03 ±2,09

3 0,27 91,52 ±1,21 3 + AR 1,95 92,91 ±2,10

4 0,22 89,17 ±2,38 4 + AR 1,76 95,10 ±1,02

5 0,48 90,86 ±0,76 5 + AR 0,92 93,00 ±1,57

6 0,28 90,03 ±1,01 6 + AR 2,07 94,38 ±1,35

7 0,59 91,32 ±0,47 7 + AR 2,11 94,86 ±1,09

8 0,32 90,45 ±0,61 8 + AR 1,80 95,37 ±0,45

Figure 4. Surface Profilometry of sample 1, without (A) and with (B) the AR layer. 
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Figure 5. Profilometry of the surface of the films 1(a), 2(b) and 3(c). 

Figure 6. Micrographs of the samples 1 (a), 2 (b) and 3 (c). 

Figure 7. Micrographs of the sample 1 without (a) and with (b) the AR layer. 

is common in the black chromium films obtained by the 
technique of electrodeposition21, due to the reduction of 
hydrogen ions during the process. In addition, it has been 
found that black chromium has a lamellar morphology 
leading to a strong level of dispersion, which indicates a 

higher roughness coefficient of this film and therefore the 
dark appearance.

The use of the AR layer promoted the modification of 
the film morphology, as can be seen in Figure 7(b) in which 
Sample 1 had its Ra parameter elevated from 0.09 µm to 
1.36 µm, generating an increase in absorption of 7.8%.
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4. Conclusion

By the present study, in terms of the electrodeposition 
parameters evaluated, the anode-cathode distance of 5 cm 
stimulated the obtaining of higher levels of absorption, as 
observed in the results of absorption and roughness. In this 
way, it is possible to conclude that the working distance of 5 
cm made it possible to obtain selective films with appropriate 
absorption levels (above 90%), due to the surface roughness 
(above 25 µm) obtained by the films produced in this work.

The addition of the antireflective layer on the black 
chromium films favored the increase of the average absorptance 
in all the adopted set of parameters, besides reducing the 
standard deviation around the average and increasing the 
absorption values in the order of up to 7.8%.

As for the microstructure of the obtained films, the 
increase of the Ra parameter promoted an increase of the 
absorption, due to the formation of optical traps, which were 
proved through SEM.
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