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1. Introduction

Reflective and antireflective coa-
tings play an important role in dif-
ferent branches of industry like op-
tical devices, solar panels, medical 
devices (endoscopes), architecture, 
etc. The reason for this is the inc-
rease or reduction of transmittance 
or reflectance of the surfaces to the 
desired values. Transmittance and 
reflectance have to be optimized at 
different wavelengths depending on 
the application of the products.   

There are different methods to change 
the reflectance of the surfaces: a) re-
flectance of the surface can be inc-
reased by coating the surface with 
metal (Al, Ag); b) reflectance of the 
surface can be decreased by coating 
the surface with moth eye pattern 
(coating with micro roughness on 
the surface or etching of the surface); 
c) reflectance of the surface can be 
decreased or increased by coating the 
surface with interference multilayers 
(the layers contain low and high re-
fractive index materials). This paper 
is focused on the interference multi-
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2. Experimental details:

2.1. Optical performance simula-
tions

The design for a 5 layer reflective in-
terference filter with a maximum of 
reflectance at 550 nm was elaborated 
by computer simulation (simulation 
software: TF calc, version 3.5). The 
appropriate refractive indices were 
measured experimentally (ellipsome-
try) at a single layer coating of SiO2

and TiO2 sols on the glass substrates.

2.2. Optical performance dip coat-
ing

At INM, coating solutions based on 
surface modified high (TiO2) and low 
(SiO2) refractive index nanoparticles 
have been developed [1]. These sols 
are well suitable for the preparation 
of interference multilayer systems on 
glass [2].

In order to clean the glass substrate, 
it was polished at first with CeO2 and 
washed in a dishwasher with a deter-
gent at a particular program for glass 
substrate.

The multi layer design was realized 
on glass substrate in size 21 x 29,7  
cm² using a dip coating machine in 
a clean room. This technique allows 
the deposition of layers with the 

layers for increasing the reflectance of 
glass substrate from 8% up to 80%. 

Producing of interference multilayers 
for performance of high or low re-
flectance can be achieved by different 
technological coating methods, like 
PVD-, CVD- and sol gel methods. 

In this paper, sol-gel method is cho-
sen as a coating method. The reason 
for this selection is the economical 
point of view. In general, the sol-gel 
method does not require expensive 
vacuum equipments. This makes sol-
gel systems popular for coating large 
substrates. Generally, for low to high 
optical performance, the sol-gel me-
thod is cost effective in comparison 
to the other methods, especially if 
stack firing is used. Nowadays, it is 
possible to coat the interference lay-
ers not only on the glass substrate but 
also on the plastic foils. In this paper, 
the interference layers are coated on 
glass substrates. The main motivati-
on for this paper is to investigate the 
microstructure of five layers reflective 
coatings by high resolution transmis-
sion and scanning electron microsco-
pes (HRTEM, HRSEM)  regarding 
pores, micro cracks and crystallinity 
of nano particles inside the layers.
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method was used. The samples were 
cleaved with a diamond pen and were 
glued face to face on the coating sides 
with epoxy (Gatan), which hardened 
after 30 minutes at 100 °C. After 
cutting the glued sample by an ultra-
sonic driller in a cylinder form, it was 
fitted into the rigid brass tube. The 
glued sample in the tube was glued 
again with epoxy. Disks of approxi-
mately 500 µm thick were cut from 
the tube with diamond plate, polis-
hed, and dimpled to approximately 
20 µm thickness in the center of the 
TEM specimens. They were then 
ion milled with an argon ion beam 
(Baltec RES 010), operating at 5 kV 
accelerating voltage on rotating spe-
cimens inclined to the argon beam 
(2°). Finally the specimens were car-
bon coated for electron conduction 
during TEM-investigation.

The microstructure and the micro-
analysis of the coated glass samples 
were examined by a field emission 
gun TEM (Philips CM200 FEG) 
operated at 200 kV, equipped with 
x-ray energy dispersive spectrometer 
(EDS).

2.4. SEM investigation

The microstructure and the micro-
analysis of the coated glass samp-
les we examined and conducted by 

same thickness on both sides of a 
glass pane in one coating step.

After each coating step, the coated 
sheet was dried for 3 minutes at 120 
°C. Finally, the whole stack (up to 5 
single layers) can be fired in one step  
at 450 °C, so called stack firing [3].
(Stainless steel muffle, 0.5 m x 0.5 m 
x 0.5 m). This is a cost saving heating 
process compared to the single lay-
er firing process [4]. The furnace was 
heated from 25 °C to 450 °C with a 
heating rate of 2.5 K/min, the tem-
perature was held for 45 minutes at 
450 °C and cooled down to 25 °C 
with an estimated rate of 0.7 K/min 
by switching off the heating and kee-
ping the door closed over night.

The surface modified nanoparticles 
arrange themselves to very dense and 
smooth layers (average roughness < 
10 nm [5]) during the film formati-
on.

Coating thickness, refractive indices 
and reflectance loss were measured 
by UV-VIS-spectroscopy (Cary 5E 
spectrometer, VARIAN Australia, 
Pty-Ltd) and spectral ellipsometry 
(SOPRA, ES4G).

2.3. TEM investigation

For TEM specimen preparation, a 
cross- sectional specimen preparation 
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Fig. 1: The spectra of the glass substrate 
before coating,  the single layer
(H), two layer system (HL), three
layer system (HLH) and five layer
system (HLHLH) show the re-
flectance (R) versus the wave-
length between 350 and 800 nm
H: high refractive index,
L: low refractive index.
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Fig. 2: Measured and simulated spectra
of the five layer system (HL-
HLH) show in the reflectance (R)
versus the wavelength between
380 and 800 nm.
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layers using a dip coating method 
in order to develop a high reflective 
coating in the visible range (H and L 
stand for high and low reflective ma-
terial). The refractive indices of H-
Sol (TiO2) and L-sol (SiO2) are 1.90 
and 1.49 (at 550 nm) respectively. All 
glass substrates were coated on both 
sides. Figure 1 shows the spectra of 
the different coating systems. The 
single layer (H) increases the reflec-
tion in the whole visible range from 
8% to about 30%, whereas the coa-
ting system of two layers (HL)  pro-
duces an antireflective coating with 
3% reflection at  around 470 nm. A 
three layer system (HLH) increases 
the reflectance in visible region up 
to 67%. Four layer system produces 
an antireflective coating (HLHL). 
Finally, the system consisting of five 
layers (HLHLH) increases the reflec-
tion in the visible region to approx. 

80% (at 450 nm).

Figure 2 shows the measured and 
simulated spectra of the five layer 
system (HLHLH). The real five layer 
system indicates a main maximum re-
flection value of 80% at 448 nm but 
the simulated five layer design has its 
main maximum of 84% at 448 nm. 
It can be supposed that this diffe-
rence comes from a diffusion process 
at the phase boundary between the 
layers. In this case a refractive index 

HRSEM operated at 10 kV (JEOL 
6400F), equipped with x-ray energy 
dispersive spectrometer (EDS), in 
planar and cross-sectional views. The 
cross-sectional views of multilayers 
were recordered at the broken samp-
les. The planar views were recordered 
at the surfaces of the layers. All SEM 
samples were decorated with a very 
thin layer of gold coating (10 nm) for 
electron conduction.

2.5. Spectroscopic  measurements

Refractive indices and reflectance 
were measured by UV-VIS-spectros-
copy (Cary 5E spectrometer, VAR-
IAN Australia, Pty-Ltd) and spec-
tral ellipsometry (SOPRA, ES4G). 
Reflectance was measured at middle 
part of coated sample. For the deter-
mination of the refractive index of 
a single layer, a very thin layer was 
coated using dip coating method 
on the same type of glass substrate. 
The layer was thermally cured as de-
scribed in part 2.2.

3. Results and discussion

3.1 Spectra  

A five interference layer system was 
realized on a glass substrate by the 
deposition of TiO2 (H) and SiO2 (L) 

Fig. 3: Cross-sectional overview of the
layers. Only two layers can be
seen clearly. Coating thickness
are around 100 nm, which can
be exactly determind by HR-
TEM.

Fig. 4: An overview (a) and high magni-
fied (b) SEM- micrographs of 
the surface last layer. There are 
no cracks or micro-pores on the sur
face. The artefact particles on the 
surface are just a help to make
sure that the images are in focus.
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ry to make a very fine polished SEM 
sample or a thinned TEM sample. 

The cross-sectional TEM micro-
graphs (figures 5 and 6) show that 
the layers are very homogeneous and 
there are no pores or cracks in the 
layers. The coating thickness can be 
measured exactly. For the TiO2 layers 
they were found to be 45, 49, and 
55 nm respectively. The thickness of 
the two SiO2 layers are very similiar 
around 65 nm. The diffraction pat-
terns of the TiO2 and SiO2 layers (fi-
gure 6) indicate that they are made 
of crystalline and amorphous phases 
respectively. 

Microanalysis of the layers are shown 
in figure 7. TiO2 layers contain, as ex-
pected, small amounts of SiO2 partic-
les and also SiO2 layers contain small 
amount of TiO2 particles. Different 
variation of sols has shown that this 
chemical compositions results in very 
homogeneous layers when processed 
by the coating process.

4. Conclusion

It was shown that a system of five 
reflective layers can be produced by 
sol gel method with a stack firing as 
final heat treatment. The microstruc-
ture studies of the layers by HRTEM 
and HRSEM showed that there are 
no cracks or pores in  submicrometer 

gradient should occur between the 
layers. One can verify this assump-
tion through investigating the pha-
se boundary by using transmission 
electron microscopy. Unfortunately, 
this multilayer coating is not proper 
for such an investigation of  pha-
se boundary interdiffusion because 
both sols (H and L) contain TiO2

and SiO2 nanoparticles.  But in the 
near future, pure TiO2 and pure SiO2

nanoparticles are going to be used for 
sols H and L respectively. These pure 
layers should allow to investigate ex-
actly the interdiffusion between lay-
ers using microchemical analysis by 
HRTEM.

SEM-investigations show that the 
coatings are very smooth and homo-
geneous. The SEM-micrographs of 
the surfaces prom first to forth layer 
look all alike as shown in figure 4. 
Both SEM- micrographs show that 
the surface is free of cracks and pores.  
The cross sectional SEM micrograph 
of the fracture surface did not show 
the five layers together (it could be 
that some layers are broken during 
sample preparation or they could 
not be brought to focus simultane-
ously). Nevertheless this micrograph 
reveals the approximate value of layer 
thickness. In order to know the exact 
thickness of the layers, it is necessa-

Fig. 5: TEM micrograph of cross sec-
tional overview of the interfer
ence multilayers

Fig. 6: High magnification of cross sec-
tional view of multilayers by HR
TEM. Dark layers are TiO2 layers
and bright layers are SiO2 layers
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Abstract

Anti-adhesive coatings are of signi-
ficant importance for many indus-
trial processes such as pigment and 
paint production as well as also food 
processing industry, because they 
can help to significantly reduce the 
cleaning effort. For this reason, the 
amount of cleaning chemicals and 
waste water can be reduced, which 
should have a remarkable effect on 
the process costs. In this investigati-
on abrasion resistant low surface free 
energy coatings based on fluoroalkyl 
group and SiC particles containing 
polyimides have been synthesised 
which show surface properties com-
parable to PTFE and can be coated 
like a paint on surfaces. Especially in 
food production processes a high che-
mical stability is required for coating 
materials to withstand the cleaning 
procedures which are used in order 
to maintain the hygienic situation 
in the production facilities. The in-
vestigations revealed a high abrasion 
resistance (weight loss approx. 12 mg
after 1000 cycles taber abrader test) 
and a moderate chemical stability of 
the coating systems. A chemical at-
tack by sodium hydroxide solution as 

size in and at the surface of layers and 
especially on the top layer. The thick-
nesses of TiO2 and SiO2 layers are in 
the range between 45-55 nm and 65 
nm respectively. The crystalline pha-
se of TiO2 and amorphous phase of 
SiO2 nanoparticles were observed 
by HRTEM. A small reflectance 
differences between simulated and 
real interfrerence multilayers could 
be originate from interdiffusion of 
TiO2 and SiO2 nanoparticles at the 
phase boundaries. This is an issue for 
the next investigation in which pure 
TiO2 and pure SiO2 layers have to be 
produced for such an investigation. 
The purity of layers may allow to in-
vestigate the phase boundaries with 
respect to interdiffusion in detail 
via michrochemical analysis by HR-
TEM.
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Fig. 7: Energy dispersive x-ray spectra of
the TiO2 and SiO2 layers
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