Inhomogeneities in Y2O3 and CeO2 optical films
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ABSTRACT

The inhomogeneities in optical films, caused by the onset of nucleation and growth of the film adjacent to amorphous glass surface, are one among numerous sources of errors in precise optical coatings production. In some recent papers it was shown that the model of the multilayer system containing a certain number of films could analyze ZrO2 films. We have used a similar modeling approach to analyze some other optical materials such as Y2O3 and CeO2. Films have been produced using a standard reactive evaporation technique. Following the measurement results, obtained by zero angle transmission and variable angle spectroscopic ellipsometry, reverse design of the monolayer with its sub-layers has been performed. A very good fit of the experimental data with the reverse designed multilayers has been obtained, showing that it is possible to find a fine substructure of analyzed films. The obtained stacks can be used then in the multilayer design process as replacement for a single film adjacent to the substrate.

INTRODUCTION

Understanding of refractive index profile is very important in development of antireflective coatings for high power laser applications. Although the multilayer design for these applications is fairly simple, it is not easy to reach very low reflectance values that are required. The inhomogeneity of the first layer adjacent to the substrate is one of the possible causes. 

If we make a simple single layer on a glass substrate, we can often see that its transmittance has a shape that could not be related to the known theory of homogeneous media. Instead of touching the substrate’s transmittance curve at the transmittance maximum (nfilm>nsubstrate), it crosses it (Figure 1). 

Figure1. The transmittance of inhomogeneous Y2O3 and CeO2 films

The only possible answer to this behavior can be related to the inhomogeneities in the layer. There are several physical mechanisms that explain the nature of the inhomogeneity and they are closely related to the nucleation and growth of the film on the substrate, and the influence of the outer atmosphere, respectively. Depending of the model of nucleation and growth of the material, what is not only a model but also the real physical behavior, it has been shown that films are not homogeneous. Some materials don’t show these phenomena, what does not necessarily mean that they are totally homogeneous, but only that they reach their final film density very rapidly and that the influence of initial inhomogeneities may be neglected. 

The refractive index profiling can be achieved by use of the reverse design methods. These methods generally do not provide unique solutions, but since the boundary conditions are pretty known, we can determine the refractive index profile with a significant level of certainty. There were a few papers dealing with this issue (1, 2, 3), mainly analysing the inhomogeneities in ZrO2 films. Methodically, we have also started doing the reverse design on the same material (4), collecting experience in preparing the measurement data and defining the shape of the target function.

EXPERIMENTAL

Films have been prepared by simple reactive deposition on the glass substrates and then their transmittance and ellipsometric functions have been measured. The deposition rate was 0.3 nm/s and the substrates were heated to 230(C. Transmittance measurements have been done using a Cary 50 spectrophotometer. Transmittance has been taken each 1 nm between 400 nm and 900 nm at the 0( incidence angle. Ellipsometric measurements have been done using a Jobin Yvon OPTISEL spectroscopic ellipsometer at 5 different angles between 55( and 75( and each 5 nm between 380 nm and 830 nm. 

rEFRACTIVE INDEX PROFILING

The process of reverse engineering starts, naturally, from the measured optical properties and then, using these values, we define the target function. The strategy how to proceed can vary. Usually we would make the optimization by trying to make it using one layer only, and then proceed by dividing the layer to several sub-layers and over-layers. This is in the case that we have an idea how the refractive index profile might be looking like. Then again we have another problem and this is predicting how is the refractive index dispersion of a sub-layer or over-layer looking like. In the paper mentioned above (1) some hints have been given and several materials’ refractive indices have been modeled. This made the analysis of Y2O3 much easier.

The other approach is somewhat different. We have divided the layer to 10 sub-layers of unknown refractive indices, restricted the transmittance and ellipsometry data to a narrower region, including the transmittance maximum or minimum, and then let the software to look for the refractive indices. The approximate total thickness has been taken from a single-layer model. In this way we have neglected the dispersion of the sub-layers’ refractive indices, but got the information how the refractive index profile may be looking like. Then we returned to the previously mentioned method, introduced the dispersions, etc.

Speaking of refractive index dispersion we can take an equation, like Sellmeier equation, for describing the refractive indices of all layers, but usually this is just in the case that we predict that all layers have the same dispersion outlook. Although this may not be always the case, it can be a good start, and refinement of the dispersions can be done later.

One of the problems in the modeling process was how to determine the shape of the merit function, i.e. what tolerances should be attributed to transmittance and ellipsometric values, respectively. In our calculations during the optimization, the same tolerances (i.e. statistical weights) have been attributed to all measurement values. It is a matter to be discussed whether it was the correct decision, because there exists some natural difference between the qualities of values obtained by both types of measurements. We noticed that favoring one type of measurement data might lead to different results. For all calculations the commercial TFCalcTM 3.4 software has been used.
The Y2O3 film

Yttrium oxide is a nice medium index material convenient for the range from 300 nm to at least 11 µm. Alternatively it can be also considered as the high index material. It is not only absorption-free in the mentioned region, but it has also excellent adherence and chemical endurance. 

As it has been shown in Figure 1, an yttrium oxide film has strong inhomogeneous properties. Therefore, there is a lot of space for doing reverse engineering. On the other hand, too much space is not very convenient, because it increases the uncertainty in determination of refractive index profile. In the case of Y2O3 in the measured region there was no need to take the absorbance in consideration, what made the profiling easier. Since the approximate refractive index profile has been roughly known from other papers, we applied the first approach for modeling. In Figure 2 the refractive index profile of Y2O3 film deposited on BK7 glass is shown.

Figure 2. The refractive index profile of Y2O3 film

During the modeling process each adding of new Y2O3 film sub-layer decreased the deviation between the target function and the current optical properties to the level when the influence of errors was larger than the contribution of new sub-layer to overall characteristics. In Figure 3 the best transmittance fit has been shown.

Figure 3. The best transmittance fit for Y2O3 film, which corresponds to the finally obtained index profile.

Finally, in Figure 4 the refractive index values and their dispersions of all sub-layers shown in Figure 2 are presented.

Figure 4. Refractive index dispersions of all the sub-layers of the Y2O3 film

We may conclude that the results of the Y2O3 film profiling fully correspond to the previously published results, just better describing the profile of refractive index. The differences can be explained by the various deposition conditions.

The CeO2 film

Cerium oxide has excellent operating properties such as high thermo and chemical endurance. It makes good high index optical coatings in the range between 500 nm and 14 µm. It is not very popular for the visible, due to its significant absorption bellow 500 nm, but it is excellent for the IR region.

Since it was unclear how the refractive index profile of CeO2 film might have been looking like, we started modeling with the second approach described in the Introduction. After that, we proceeded with the first way of modeling. It was so much more demanding, because our experimental data entered the absorbance region, so absorption could have not been neglected. In addition to this, obviously high inhomogeneity existed there, as it can be seen in Figure 1. The obtained refractive index profile of the CeO2 film is presented in Figure 5.

Figure 5. The refractive index profile of CeO2 film

The best transmittance fit for CeO2 film is presented in Figure 6. It can be seen that the transmittance fit is not that good as in the case of Y2O3 film. 

Figure 6. The best transmittance fit for CeO2 film, which corresponds to the finally obtained index profile

On the other hand, all ellipsometric functions (for all angles) were excellently fitted, as shown for 60º in Figure 7. This enabled us to conclude that CeO2 film really has the shown refractive index profile. In Figure 8 the profiles of all sub-layers are presented. The complex part of the refractive index k is shown in the Figure 9 and it has been considered being the same for all sub-layers.

Figure 7.  The best ellipsometric function ( fit for CeO2 film
Figure 8. Refractive index dispersions of all sub-layers of the CeO2 film

Figure 9. Determined index k of the CeO2 film and all sub-layers

discussion

The results presented show that it is possible to make reverse design of inhomogeneous films in order to get their refractive index profile. The obtained results indicate that the refractive index profiles are different for each material, and this is consistent to results obtained by other authors. Obviously, the intrinsic properties of the material in question, i.e. the mode of the nucleation and growth, determine the basic shape of the profile. On the other hand, deposition parameters had an additional impact on the shape. Finally, there must be a difference between in-situ and ex-situ profiles. This has not been studied in the paper presented, but has to be taken into consideration if one would like to use the profile of the layer adjacent to the substrate in the further design process.

Results for Y2O3 fully correspond to other authors’ results. It might be said that the reconstruction of the refractive index profile for Y2O3 ran very successfully, what can be confirmed by looking at both fitting curves.

On the other hand the results for CeO2 are somehow unexpected, since it seems that at the beginning of nucleation, there is a very loose structure between the the substrate and the rest of the film. It could also be a mixture of adsorbent and the beginning of nucleation and film growth. This structure then turns into a bulklike one with the density decrease later, like it happens in some other oxide films. This might be confirmed by careful optical monitoring of CeO2 film deposition, where the reflectance should be decreasing immediately after the start of deposition and then increase as expected. It seems that the whole CeO2 film has a relatively low packing density, which has been tuned by the deposition rate and other deposition parameters in order to obtain an inhomogeneous layer. Standard CeO2 films have different profiles. The other problem with profiling of the CeO2 film is the fact that there exists significant absorbance below 500 nm, which made the procedure of reverse design much more demanding. 

A general comment to the performed reverse design process is that the films were relatively thin, no more than λ/2 thick (optical thickness). The optimization process would have run more smoothly if there were more extrema in the whole optimization region. The thickness has been chosen just like that, because we were afraid in the beginning that a thicker film might mask the contribution of the sub-layers to the overall inhomogeneity. After everything that has been done we believe that a thicker film would be a better choice. 

As it has been mentioned in the introduction, a very important factor is the accuracy and precision of measurements. Measurement errors are the limiting factor for a successful reverse design, and their contribution should be lower than the contribution of sub-layers during the optimization process.

CONCLUSIONS
Reverse multilayer design can be successfully applied to the refractive index profiling of films adjacent to amorphous substrate. For the two materials analyzed it has been shown that, due to the nucleation and further growth process, films have different refracting index profiles. The method can be applied even to films which are absorbing, with a high level of certainty. The refractive index profile of films reflects its microstructure, which is also dependent on the deposition technique. The refractive index profiling, which was carried out, can significantly improve the properties of some high performance coatings such as high quality V-type antireflective coatings.
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