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ABSTRACT 
Multilayer coatings in the far UV (FUV) are required for various fields of application, such as space instrumentation 
for astrophysics, solar physics and atmosphere physics, as well as free electron lasers, plasma diagnostics, 
synchrotron radiation, spectroscopy, etc. In order to design the desired multilayer, accurate optical constants of the 
materials are required. Several fluorides are among the materials in nature that keep their transparency down to the 
short FUV, which makes them almost the only choice for multilayer coatings tuned in the ~100-150-nm wavelength 
range. 

The optical constants of thin films of MgF2, LaF3, and CeF3 have been determined in the spectral range of 30-950 nm. 
Among them, MgF2 is a low refractive index material whereas LaF3 and CeF3 have a relatively high refractive index at 
short wavelengths; this contrast is adequate to make multilayer coatings. Fluoride thin films were deposited by 
evaporation onto substrates at 523 K. Optical constants were calculated using sets of transmittance, reflectance, and 
ellipsometry measurements. The measured optical constants were extended to a broader range with literature data and 
extrapolations in order to obtain self-consistent sets of data using the Kramers-Krönig analysis. The optical constant data 
here presented extend the available literature data both shortwards and longwards, particularly for CeF3 where few data 
had been reported. 

The obtained optical constants of MgF2 and LaF3 were used to design narrowband reflective multilayer coatings for the 
short FUV. Multilayer coatings centered at 121 and at 130 nm with remarkable reflectance were prepared. The coatings 
kept a valuable reflectance after ageing in a desiccator for 12 months. 
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1. INTRODUCTION
Fluorides are among the most common materials in optical coatings due, in part, to their wide transparency range, 
particularly down to wavelengths in the far ultraviolet (FUV, 100 nm<λ<200 nm). High reflectance and antireflection 
coatings require pairs of transparent materials with contrasting refractive indices. Among the fluorides that are 
transparent down to shortest FUV wavelengths, we have LiF, AlF3, and MgF2 with a small refractive index (n) and we 
have several lanthanide fluorides with a relatively high n. This research investigates the optical constants n and k of 
MgF2, LaF3, and CeF3 for multilayer coatings in the short FUV. 

The optical constants of these fluorides are necessary for the design of optical coatings. Valuable data sets in the FUV 
have been reported for MgF2 and LaF3, whereas little is available for CeF3. Applications often involve a wide spectral 
range; for instance, one may need to obtain a high reflectance in the FUV but sometimes there may be also further 
requirements in another range, such as low reflectance in the visible. Typical limitations of available sets of optical 
constant data are that they are often limited to small ranges and sometimes are inconsistent. Furthermore, they may 
depend on the specific technique used to deposit the coating; optical constants may also vary with film growth 
conditions, such as substrate temperature, etc.  

The most relevant literature on the optical constants of the present fluorides will be cited in section 3. In the literature 
review, we selected papers where fluoride films were deposited by thermal (either boat or electron beam) evaporation on 
a substrate at temperature as close as possible to the one selected in the present research, i.e., nominally 523 K. This is 
most important in the transparency range of the materials, and even more in the range of FUV wavelengths immediately 
longer than the fluoride cutoff. In the mentioned ranges, fluoride transparency is enhanced with increasing substrate 
temperature, so that k can vary with substrate temperature over orders of magnitudes. On the other hand, at wavelengths 
shorter than the fluoride cutoff, the dependence of k on substrate temperature is usually less dramatic. 
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In this proceeding we investigate the optical constants in a wide spectral range from 40 to 950 nm of thin films of MgF2, 
LaF3, and CeF3 deposited by boat evaporation; we also present multilayer coatings based on these fluorides in a novel 
range. The optical constants were obtained from a combination of reflectance, transmittance, and ellipsometry 
measurements. Section 2 describes sample preparation and measurement techniques. Section 3 presents the procedure 
used to calculate optical constants, which involves the use of two successive Kramers-Krönig (KK) analyses. Section 4 
presents the experimental data and the optical constants obtained from them. Finally, MgF2/ LaF3 multilayers with high 
reflectance at short FUV wavelengths are presented.  

2. EXPERIMENTAL TECHNIQUES
Thin films of MgF2, LaF3, and CeF3 were prepared by boat evaporation using W boats. VUV-grade MgF2 and 99.99% 
pure LaF3 and CeF3 were used as evaporant materials. Deposition was performed in a 50-cm side cube chamber. The 
chamber was pumped with a turbomolecular system and a liquid-N2 cooled, Ti sublimation pump. The distance between 
evaporation source and substrate was 30 cm. Film thickness was monitored with a quartz-crystal monitor; film thickness 
was measured a posteriori with a mechanical profilometer. Base pressure was ~1.5×10-5 Pa; pressure increased during 
deposition up to 4×10-5 Pa (MgF2 and LaF3) or 6×10-4 Pa (CeF3). Average deposition rate was 0.3 nm/s. Substrate 
temperature was set at 523 K. A set of three samples were prepared in each run: one on a glass substrate for reflectance 
measurements (MgF2 and CeF3), one on a MgF2 crystal substrate for transmittance measurements, and one on a piece of 
a Si wafer for ellipsometry measurements and, specifically for LaF3, also for reflectance measurements. After deposition, 
the samples were let to cool down at a rate not larger than 1 K/min. 

Sample reflectance and transmittance were measured in GOLD’s reflectometer system in the 30-190 nm range. The 
reflectometer has a grazing-incidence, toroidal-grating monochromator, in which the entrance and exit arms are 146º 
apart. The monochromator covers the 12.5-200 nm spectral range with two Pt-coated diffraction gratings that operate in 
the long (250 l/mm) or in the short (950 l/mm) spectral range. A windowless capillary discharge lamp was used in this 
work. The lamp is fed with various pure gases or gas mixtures with which it can generate many spectral lines to cover 
the spectral range of interest. The beam divergence was ~1.7 mrad. The sample holder can fit samples up to an area of 
50.8x50.8 mm2. A channel electron multiplier with a CsI-coated photocathode was used as the detector. Reflectance and 
transmittance were obtained by alternately measuring the incident intensity and the intensity reflected or transmitted, 
respectively, at the sample. Transmittance was measured at normal incidence and reflectance was measured at 5° away 
from the normal. At wavelengths longer than 190 nm, transmittance and reflectance were measured using Perkin-Elmer 
Lambda-9 and Lambda-1050 spectrophotometers, respectively. 

Ellipsometry measurements were performed with a Ges 5E Sopralab Spectroscopic Ellipsometer. The incidence angle at 
which measurements were performed was optimized around Si Brewster angle at the Si bandgap by confining the 
spectral distribution of cosΔ symmetrically around zero in order to maximize accuracy.  

For optical constant determination, transmittance was measured after an exposure to normal air of 30 to 60 min and 
reflectance was measured after several days of storage in vacuum. Substrate transmittance was measured prior to 
deposition. Ellipsometry measurements were performed on samples immediately after taking them out of the vacuum 
chamber, after an exposure to normal air of 15-30 min.  

3. PROCEDURE TO CALCULATE OPTICAL CONSTANTS
The optical constants of each material were calculated following a double KK analysis. We first performed a KK 
analysis coupling reflectance modulus with its phase and later performed a second KK analysis coupling k with n. For 
mostly transparent materials, the dependence of reflectance on small k is very low, so that if we calculate k directly from 
reflectance measurements (such as reflectance at various incidence angles) we get a large uncertainty. In order to use a 
KK analysis on reflectance, we need to have the reflectance of the outer surface over the spectrum, but in the transparent 
range of the material it is difficult to avoid the contribution of the film/substrate interface. In contrast, relatively small 
values of k are more accurately obtained from transmittance measurements. However, transparent substrates are needed 
for transmittance measurements, and this turns complicated at wavelengths below 100 nm, where no bulk transparent 
material is known in nature. Unfortunately, having some spectral range covered with reflectance and some other with 
transmittance measurements complicates the use of a KK analysis, which needs homogeneous data in the whole 
spectrum. To avoid this problem, we calculated the optical constants of the present materials following a double KK 
analysis: the first one based on reflectance and the second one based on k.  

A first KK analysis was performed with reflectance data: 



( ) ( )[ ]
∫
∞

−
−=

0
22 '

'
'ln dE

EE
ERPEE

π
ϕ        (1) 

where P stands for the Cauchy principal value. R and φ stand for the square modulus and for the phase of complex 
reflectance, respectively: r=R1/2exp(iφ). The integral is presented in terms of photon energy E instead of wavelength to 
show it in a usual way. To perform the integration of Eq. (1) we need a full set of reflectance measurements that cover 
the whole spectrum. Eq. (1) provides the reflectance phase ϕ by integration of the reflectance modulus. When the layer 
of the target material is opaque, it is straightforward to calculate n and k from complex r using the well-known Fresnel 
reflectance formula at normal incidence. In the integration, measurements in the extreme ultraviolet (EUV, which 
represents here the 30-100 nm range) and in the FUV reflectance were used. At wavelengths shorter than 30 nm (above 
41.3 eV), Henke data were used in the energy range up to 30,000 eV. Henke data were downloaded from the Web site of 
The Center for X-Ray Optics (CXRO) at Lawrence Berkeley National Laboratory [1]. For wavelengths above 190 nm 
we used either reflectance measurements or reflectance calculated with ellipsometry parameters. Ellipsometry data were 
fitted to a number of Lorentz oscillators; these oscillators were used to extrapolate reflectance and k at wavelengths 
longer than 950 nm.  

In the transparency region of the material, the pair (R,ϕ) involves the contribution of the film-substrate interface, which 
complicates the determination of the film optical constants, as mentioned above. This is one reason to use a sequence of 
two different KK analyses. In the second KK analysis, which involves the pair (n, k), we replace k obtained from the 
(R,ϕ) KK analysis with k obtained from transmittance measurements (mostly in the FUV) or with k obtained from 
ellipsometry parameters (in the near-UV to near-IR). Transmittance is related to k of the material according to the well-
known Beer-Lambert law: 
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where Ts and Tfs represent the transmittance of the uncoated MgF2 substrate and of the substrate coated with the film, 
respectively; λ is the radiation wavelength in vacuum; x stands for the film thickness. Eq. (2) neglects reflectance effects; 
these effects are reduced for the normalized transmittance compared to bare transmittance. Eq. (2) gives us a first guess 
of k; an iterative process will be described below to eliminate the remaining effects due to reflectance that are neglected 
in Eq. (2).  

k data obtained from transmittance measurements in the transparency range of the material along with the rest of k data, 
i.e., data from the (R,ϕ) KK analysis or from ellipsometry parameters, were used to perform a second KK analysis: 
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The application of Eq. (3) to calculate n requires the availability of k data over the whole spectrum. The set gathered here 
includes the following. In the FUV we used k data determined from transmittance. In the range from 30 nm up to the 
fluoride cutoff we used k data obtained in the (R,ϕ) KK analysis. In the 190-950 nm range we used data obtained from 
ellipsometry parameters. Below 30 nm and above 950 nm we used extrapolations with the same criteria than for the 
(R,ϕ) KK analysis.  

In the transparency range of the material, measured reflectance may be far from what should be included in the (R,ϕ) KK 
analysis, i.e., the reflectance of an opaque layer. To overcome this problem, an iterative process was followed. In the first 
iteration, measured reflectance data were used. Once the double KK analysis was completed, for the second iteration 
reflectance in the same range was calculated with the (n, k) pair obtained in the first iteration (assuming an infinitely 
thick layer), from which a second (n, k) pair was obtained; the process was repeated until convergence.  
In the calculation of k from transmittance, Eq. (2) ignores the effect of reflectance. When either reflectance is not 
negligible or when k is small and its effect on transmittance may be masked by film reflectance dependence mostly on n, 
calculating k with Eq. (2) may result in uncertainties. To minimize this problem, we used again the mentioned iterative 
process. In the first iteration, we obtained initial k values by plainly using Eq. (2). These values, along with k data in the 



rest of the spectrum, were used to obtain the refractive index n with KK analysis. Once a first set of (n, k) was available, 
we calculated the transmittance ratio of the coated to the uncoated substrate with the well-known Fresnel coefficients. 
The calculated transmittance ratio was compared to the measured data, which enabled us to modify k. The modified 
value was considered a second estimate of k, which was used to obtain a second estimate of n by applying again the (n,k) 
KK analysis, and the iteration was applied until convergence was reached. The optical constants of the MgF2 substrate 
were taken from Cotter et al. [2]. 

The two iterative processes were concatenated and converged to the final set of (n, k) data. 

4. RESULTS 
4.1 MgF2

A considerable number of papers have been devoted to the optical constants of MgF2. Here we summarize the literature 
providing optical constants of MgF2 films deposited by evaporation on a substrate at a temperature relatively close to the 
one used in this research, which is most important for optical constants in the material transparency range, as mentioned 
in the introduction. We start with optical constants reported from longer to shorter wavelengths in the transparency 
range. Smith and Baumeister [3] reported Sellmeier parameters for n in the 250-2000-nm range for MgF2 films grown 
with a substrate temperature of 523 K. Tikhonravov et al. [4] provided n values in the 280-850 nm range of films grown 
with a substrate temperature which may have been either 573 or 623 K. Günster et al. [5] reported optical constants in 
the 130-600-nm range, with no substrate temperature reported; k values were plotted in a way that they cannot be 
discriminated from 0 at wavelengths longer than ~350 nm. The latter paper deals not only with films deposited by plain 
evaporation but also by ion-beam-sputtering; the low k values plotted at short wavelengths seem to correspond to 
evaporation-deposited films. Xue et al. [6] determined optical constants of films grown with a substrate temperature of 
543 K in the 120-500-nm range from only transmittance measurements. Ristau et al. [7] reported values of n in the 125-
280-nm range of films grown with a substrate temperature of 573 K. Zukic et al. [8] obtained optical constants in the 
120-232-nm range of films grown with a substrate temperature of 523 K. Shuzhen et al. [9] determined optical constants 
of films grown with a substrate temperature of 573 K in the 180-230-nm range using a Cauchy model (n) and an 
exponential function (k). Barrière and Lachter [10] published absorption coefficient data in the 112.7-155-nm range of 
films grown with a substrate temperature of 570 K. Regarding research perform on films grown on significantly hotter 
substrates, we found Kolbe et al. [11], who published optical constants in the 130-400-nm range (673 K), Wood et al. 
[12], who reported data of the absorption coefficient (823 K) in the 103-159-nm range, and Martin et al. [13], who 
determined k in the 115-150-nm range (722 K). 

  
Fig. 1. Transmittance (left; substrate: MgF2 crystal) and reflectance (right; substrate: glass) of a 43.8-nm thick MgF2 film. Plotted 

transmittance has been normalized to substrate transmittance 



At wavelengths below MgF2 cutoff (~115 nm), no data was found for films deposited in conditions similar to the present 
ones. Anyway, it was said that the dependence of k on deposition properties such as substrate temperature is expected to 
be less dramatic at wavelengths shorter than the fluoride cutoff. Williams et al. [14] obtained optical constants in the 41-
113-nm range. Hanson et al. [15] reported optical constants in the 14.7-62-nm range. Finally, Cole and Oppenheimer 
[16] determined the optical constants at a few wavelengths: 30.4, 58.4, 104.8, and 121.6 nm.  

In the present research a set of three 43.8-nm thick MgF2 films were deposited in a single run on the different substrates 
as described in section 2. Fig. 1-left displays the transmittance of the MgF2 film deposited on a MgF2 substrate 
normalized to the transmittance of the bare substrate. At wavelengths longer than ~160 nm the film absorption is 
negligible and it turns difficult to obtain information for k. Fig. 1-right displays the reflectance measured for the MgF2 
film deposited on a glass slide. 

  
Fig. 2. Left: measured ellipsometry parameters on the MgF2 film versus the logarithm of wavelength. Right: linear plot of n (dashed 

line) and log plot of k (solid line) obtained for MgF2 films versus the logarithm of wavelength. 

Fig. 2-left displays the ellipsometry parameters that were measured for the film deposited on a Si wafer and were used to 
obtain n and k in that range. Finally, Fig. 2-right displays the self-consistent set of optical constants that was obtained for 
MgF2 films deposited at 523 K.  

4.2 LaF3

As with MgF2, there is a considerable number of papers reporting optical constants of LaF3. Again we summarize the 
literature providing optical constants of LaF3 films deposited by evaporation on a substrate at a temperature relatively 
close to the one used in this research. From longer to shorter wavelengths, Smith and Baumeister [3] reported Sellmeier 
parameters for n in the 250-2000-nm range for films grown with a substrate temperature of 523 K. Hass et al. [17] 
reported n in the 220-2000-nm range for films grown with a substrate temperature of 573 K. Chindaudom and Vedam 
[18] calculated n with a Sellmeier model in the 280-800-nm range for films grown with a substrate temperature of 498 
K. Thielsch et al. [19] reported n in the spectral range of 180 to 640 nm for films grown with a substrate temperature of 
523 K. Günster et al. [5] reported optical constants in the 130-600-nm range, with no substrate temperature reported; 
again, k values were plotted in a way that they cannot be discriminated from 0 at wavelengths longer than ~350 nm. As 
mentioned about the same paper for MgF2, data plotted seems to correspond to films deposited by evaporation. Xue et al. 
[6] determined optical constants of films grown with a substrate temperature of 543 K in the 120-500-nm range from 
only transmittance measurements. Ristau et al. [7] reported values of n in the 125-280-nm range of films grown with a 
substrate temperature of 573 K. Yu et al. [20] reported k data in the 225-330-nm range of films grown with a substrate 
temperature of 550 K, with a single n value at 355 nm for various substrate deposition temperatures. Zukic et al. [8] 
obtained optical constants in the 120-232-nm range of films grown with a substrate temperature of 523 K. Uhlig et al. 
[21] measured the optical constants in the range of 140 to 230 nm of films grown with a substrate temperature of 593 K. 



Regarding research perform on films grown on significantly hotter substrates, we found Kolbe et al. [11], who reported 
optical constants in the 130-400-nm range (673 K). Covering wavelengths below LaF3 cutoff (~120-125 nm), Stephan et 
al. [22] reported optical constants in the 31-155 nm range for films deposited at room temperature.  

In the present research a set of three 48.3-nm thick LaF3 films were deposited in a single run on three different 
substrates. Fig. 3-left displays the transmittance of the LaF3 film deposited on a MgF2 substrate normalized to the 
transmittance of the bare substrate. As with MgF2, at wavelengths longer than ~170 nm the film absorption starts to be 
negligible and it turns difficult to obtain information for k. Fig. 3-right displays the reflectance measured for the LaF3 
film deposited on a Si wafer. 

  
Fig. 3. Transmittance (left; substrate: MgF2 crystal) and reflectance (right; substrate: Si wafer) of a 48.3-nm thick LaF3 film. Plotted 

transmittance has been normalized to substrate transmittance 

 

  
Fig. 4. Left: measured ellipsometry parameters on the LaF3 film versus the logarithm of wavelength. Right: linear plot of n (dashed 

line) and log plot of k (solid line) obtained for LaF3 films versus the logarithm of wavelength. 



Fig. 4-left displays the ellipsometry parameters that were measured for the film deposited on a Si wafer and were used to 
obtain n and k in that range. Fig. 4-right displays the self-consistent set of optical constants that was obtained for LaF3 
films deposited at 523 K.   

 
 

Fig. 5. Transmittance (left; substrate: MgF2 crystal) and reflectance (right; substrate: glass) of a 39.8-nm thick CeF3 film. Plotted 
transmittance has been normalized to substrate transmittance. The inset on the left figure highlights the range with various absorption 

bands 

 

  

Fig. 6. Left: measured ellipsometry parameters on the CeF3 film versus the logarithm of wavelength. Right: linear plot of n (dashed 
line) and log plot of k (solid line) obtained for CeF3 films versus the logarithm of wavelength. 

4.3 CeF3 

Very limited data on optical constants of CeF3 films are available in the literature. Dujardin et al. [23] plotted the 
absorption coefficient in the 122-270-nm range of CeF3 films deposited by molecular beam epitaxy at an unspecified 



temperature between 673 and 973 K. Hass et al. [17] obtained the optical constants of CeF3 films grown with a substrate 
temperature of 573 K in the 220-2000-nm range; in their plots, k can be discriminated from 0 only for wavelengths 
shorter than ~350 nm. Smith and Baumeister [3] reported Sellmeier parameters for n in the 250-2000-nm range of films 
grown with a substrate temperature of 523 K.  

A set of three 39.8-nm thick CeF3 films were deposited in a single run on three different substrates. Fig. 5-left displays 
the transmittance of the CeF3 film deposited on a MgF2 substrate normalized to the transmittance of the bare substrate. 
Differently to MgF2 and LaF3, CeF3 has several absorption bands in the 165-300-nm range, with the highest absorption 
peak at 249 nm. Fig. 5-right displays the reflectance measured for the CeF3 film deposited on a glass substrate; the 
reflectance dip at 116 nm is attributed to a spectral feature of the glass substrate and not to CeF3. 

Fig. 6-left displays the ellipsometry parameters that were measured for the film deposited on a Si wafer and were used to 
obtain n and k in that range. Fig. 6-right displays the self-consistent set of optical constants that was obtained for CeF3 
films deposited at 523 K.  

  
Fig. 7. Reflectance of the fresh and aged multilayer coatings nominally tuned at 121 nm (left) and at 130 nm (right). The inset on the 

left figure plots reflectance measurements of the fresh multilayer versus the logarithm of wavelength extended to the near IR 

4.4 Multilayer coatings based on fluorides 

The relatively low absorption of both MgF2 and LaF3 in the FUV enables the design of multilayers. Multilayer coatings 
based on these two materials have been reported for a long time by different authors [5, 24, 25, 26, 27, 28, 29]. The 
shortest peak wavelength of those multilayers is at ~135 nm. In view of the lack of narrowband coatings for shorter FUV 
wavelengths (with an exception of a multilayer peaked at ~100 nm based on other materials [30]), we prepared 
multilayer coatings peaked at wavelengths close to the materials cutoff. Fig. 7 displays the reflectance of two periodic 
multilayer coatings prepared in this research: one peaked at 121 nm [(H/L)6/H, H stands for LaF3 and L for MgF2] and 
another at 130 nm [(H/L)14/H]; coatings were deposited on glass slides. Reflectance was measured both after a short 
contact to atmosphere of ~1 h and after ageing in a desiccator for 12 months. For the fresh multilayer tuned at 121 nm we 
measured a peak reflectance of 0.653 at 121.1 nm and a bandwidth of ~13.5 nm; after 12 months of ageing it had a peak 
reflectance of 0.627 at 121.7 nm and a bandwidth of 13.2 nm. For the fresh multilayer tuned at 130 nm we measured a 
peak reflectance of 0.818 at 130.5 nm and a bandwidth of ~11.5 nm; after 12 months of ageing it had a peak reflectance 
of 0.699 at 131.5 nm and a bandwidth of 12.6 nm. The position and reflectance of the peak were calculated using a 
polynomial fit in order to deal with the somewhat noisy data. The multilayer tuned at 121 nm resulted to be more stable 
than the one tuned at 130 nm, which is not well understood and it would require further research. To our knowledge, 
these are the first multilayer coatings based on two fluorides that are centered at wavelengths shorter than 135 nm, and 
the only ones for that short range made with any materials, except for Ref. 30. 



SUMMARY AND CONCLUSIONS 
The optical constants of thin films of MgF2, LaF3, and CeF3 have been determined in the spectral range of 30-950 nm. 
Fluoride thin films were deposited by evaporation onto substrates at 523 K, which was selected as a temperature hot 
enough to obtain low-absorbing materials in the FUV but reasonable to enable the preparation of multilayer coatings. 
Optical constants were calculated using sets of transmittance, reflectance, and ellipsometry measurements. The measured 
optical constants were further extended with literature data and extrapolations in order to obtain self-consistent sets of 
data using the Kramers-Krönig analysis. For MgF2 and for LaF3 films, there are several data sets reported in the literature 
in a range of temperatures close to this temperature; however, to our knowledge the present data are the only sets to 
combine experimental data from the EUV to the near IR and also the first to be self-consistent. For CeF3 films few data 
were found in the literature and no FUV data were found for films deposited at a close temperature (no n data in the FUV 
at all), so that the present set provides a broad range of new and self-consistent data. 

The obtained optical constants of MgF2 and LaF3 were used to design narrowband reflective multilayer coatings. 
Multilayer coatings centered at 121 and at 130 nm were prepared, with peak reflectances of 0.653 (at 121.1 nm) and 
0.818 (at 130.5 nm) when fresh and 0.627 (at 121.7 nm) and 0.699 (at 131.5 nm) after 12 months of ageing in a 
desiccator. To our knowledge, these are the first multilayer coatings based on two fluorides that are centered at 
wavelengths shorter than 135 nm. 
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