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Single layers of MgF2 and LaF3 were deposited upon superpolished fused-silica and CaF2 substrates by
ion-beam sputtering �IBS� as well as by boat and electron beam �e-beam� evaporation and were charac-
terized by a variety of complementary analytical techniques. Besides undergoing photometric and
ellipsometric inspection, the samples were investigated at 193 and 633 nm by an optical scatter mea-
surement facility. The structural properties were assessed with atomic-force microscopy, x-ray diffrac-
tion, TEM techniques that involved conventional thinning methods for the layers. For measurement of
mechanical stress in the coatings, special silicon substrates were coated and analyzed. The dispersion
behavior of both deposition materials, which was determined on the basis of various independent
photometric measurements and data reduction techniques, is in good agreement with that published in
the literature and with the bulk properties of the materials. The refractive indices of the MgF2 coatings
ranged from 1.415 to 1.440 for the wavelength of the ArF excimer laser �193 nm� and from 1.435 to 1.465
for the wavelength of the F2 excimer laser �157 nm�. For single layers of LaF3 the refractive indices
extended from 1.67 to 1.70 at 193 nm to �1.80 at 157 nm. The IBS process achieves the best homoge-
neity and the lowest surface roughness values �close to 1 nmrms� of the processes compared in the joint
experiment. In contrast to MgF2 boat and e-beam evaporated coatings, which exhibit tensile mechanical
stress ranging from 300 to 400 MPa, IBS coatings exhibit high compressive stress of as much as 910 MPa.
A similar tendency was found for coating stress in LaF3 single layers. Experimental results are dis-
cussed with respect to the microstructural and compositional properties as well as to the surface topog-
raphy of the coatings. © 2002 Optical Society of America
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1. Introduction

In the course of the rapid growth of applications for
deep ultraviolet–vacuum ultraviolet �DUV–VUV� la-
sers in many future-oriented fields, an increasing de-
mand for optical components with low optical losses,
high stability, and long lifetimes has emerged in op-
tical technology.1 In particular, the extremely de-
manding road map in semiconductor lithography
that aims toward achieving a spatial resolution sig-
nificantly below 100 nm in chip fabrication as well as
micromaterial processing with excimer lasers im-
poses new challenges for the production of optical
components that surpass the current capabilities of
present production processes. The economic effi-
ciency of these modern applications is directly depen-
dent on the quality of the dielectric coatings deposited
upon the optical components used in the beam lines
and the laser systems. Therefore the achievement
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of adapted optical coatings is considered one of the
major goals for success of industrial DUV–VUV laser
applications, and, as a consequence, current thin-film
research is concentrated on the improvement of ad-
vanced coating processes.2–4 For the spectral range
150–250 nm, MgF2–LaF3 is considered a material
combination that is likely to be a highly desirable
component of optical coating systems with low losses
and high thresholds to laser-induced damage.5–7

The present fundamental study of MgF2 and LaF3
single layers was performed within the framework of
the European Training and Mobility of Researchers
network, New Optimization Concepts for High Qual-
ity UV-Coatings,8 by a consortium of thin-film labo-
ratories in Europe. Within joint experiments single
layers of these materials were produced by selected
processes with optimized deposition parameters and
characterized in terms of their optical and structural
properties. In what follows, various deposition
methods used for the fluoride materials and the char-
acterization techniques employed are described.
The measurement results are discussed in the con-
text of the deposition parameters and in consider-
ation of the intended applications for the coatings.

2. Experiment

A. Deposition of MgF2 and LaF3 Single Layers

Coatings were deposited upon selected superpolished
UV-grade quartz and calcium fluoride substrates
that had been purchased from several vendors and
characterized in the preparation phase of the joint
experiments. Besides substrates of high optical
quality for the DUV–VUV spectral range, silicon sub-
strates specially adapted for stress measurements
and for use in investigations of film structure were
also coated in each run. The target thickness of all
single layers was 6 quarter-wave optical thickness at
193 nm. The coatings were produced by three lab-
oratories within the consortium; each laboratory used
its specific coating method.

The parameters of the three deposition processes
employed for production of the single-layer coatings
are summarized in Table 1. In ion-beam sputtering
�IBS�,9,10 the single layers were deposited from pure
hot-pressed targets in a reactive atmosphere of di-

luted fluorine. A commercial Nordiko radio-
frequency ion source, a beam neutralizer, and xenon
sputtering gas were used for the IBS deposition.
During deposition the substrate holder rotated and
was not heated, so the substrate temperature re-
mained below 60 °C. All samples of each deposition
material were deposited in the same batch, at a typ-
ical sputtering rate of 0.04 nm�s. Preceding 25-nm
thick sputtered alumina films were deposited upon
the silicon substrates to improve the adhesion of the
subsequent MgF2 layers.

The e-beam process, which was applied only for the
MgF2 layers, was performed in a specially adapted
commercial deposition system �Balzers BAK 640�.
Before the deposition the system was pumped down
to a base pressure of less than 6 � 10�4 Pa by a
cryopump arrangement. The MgF2 coatings were
deposited at a typical deposition rate of 0.7 nm�s at a
substrate temperature of 300 °C. For the deposition
of LaF3 coatings, a boat evaporation process was in-
stalled in the same plant. In that case the deposi-
tion rate was reduced to 0.3 nm�s and the substrate
temperature was adjusted to 300 °C. The third coat-
ing laboratory within the network employed a boat
evaporation process for MgF2 coatings that was op-
erated with a deposition rate of approximately
0.8 nm�s and a substrate temperature of 300 °C.
The coating process was started at a base pressure of
7 � 10�4 Pa in a Balzers BAK 600 deposition cham-
ber that was equipped with a conventional diffusion
pumping system. With the exception of a substrate
temperature of 350 °C, a base pressure of 5 � 10�4

Pa, and a rate of 0.4 nm�s, similar conditions were
chosen for the LaF3 coatings.

B. Thin-Film Characterization

For determination of the refractive indices and the
extinction coefficients, several commercial facilities
and a self-constructed spectrophotometric setup were
employed in conjunction with a variety of software
tools.11–13 Besides commercial software environ-
ments,11 several data-reduction techniques including
Cauchy- and Sellmeier-type dependencies were used
to calculate the dispersion curves for the wavelength
range 130–1200 nm. Before the characterization of
the single-layer samples, selected reference sub-

Table 1. Deposition Parameters of MgF2 and LaF3 Layersa

Material�Process Process Type Ts �°C�
Deposition Rate

�nm�s� Pumping System
Base Pressure

�Pa�

MgF2�IBS Reactive IBS, rf source maximum 60 0.04 Cryopump Reactive,
5 � 10�6

MgF2�PVD1 Thermal e-beam 300 0.70 Cryopump 6 � 10�4

MgF2�PVD2 Thermal Mb boat 300 0.80 Diffusion pump, LN2 trap 7 � 10�4

LaF3�IBS Reactive IBS rf source maximum 60 0.04 Cryopump Reactive,
5 � 10�6

LaF3�PVD1 Thermal Mb boat 300 0.30 Cryopump 1 � 10�3

LaF3�PVD2 Thermal Mb boat 350 0.40 Diffusion pump, LN2 trap 5 � 10�4

aParameters for the deposition of the MgF2 and LaF3 layers investigated. Deposition rate in units of geometric thickness per second;
Ts substrate temperature.
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strates were carefully characterized in terms of
refractive-index data and substrate absorption in the
VUV spectral range. The absorption of the sub-
strates became apparent below 200 nm, but analyti-
cal modeling is not precise in this spectral region.
One can develop a useful procedure for determining
the extinction coefficient by fitting the T spectra of
the bare substrate and assuming single-pass losses.
The contribution of the back sides of the superpol-
ished substrates �surface roughness below 0.2 nm�
was taken into account in the spectrometric analysis,
which concentrated on measurements at near-
normal incidence.

Data reduction in the VUV spectral range has to
compete with the strongly increasing absorption of
the substrate and the deposition material. For this
wavelength region of 130–200 nm we determined the
refractive index with a data-reduction method that
used the transmittance and reflectance data in this
absorptive region as well as the experimental data in
the absorption-free range. Film thickness values
were deduced from the interference pattern in the
absorption-free region, and the dispersion was de-
scribed by the first-order Sellmeier equation for the
whole spectral range. Finally, absorption was cal-
culated directly from the transmittance and reflec-
tance data; substrate absorption, which was
determined from uncoated retained samples, was
taken into account. The complete process was re-
peated in an iterative procedure to minimize the fig-
ure of merit. Various models for the inhomogeneity
of the layers were considered in the fitting process.
Because, for all single layers, total scattering levels
that ranged below the precision of the spectrophotom-
eters employed were measured at 193 nm, scattering
effects were neglected in the analysis. To increase
the accuracy of refractive-index determination it will
be desirable to develop new mathematical algorithms
that will allow scattering and absorption losses to be
separated and the parameters that characterize
these losses to be determined along with the refrac-
tive index.

For measurement of the stress in the thin films, the
coatings were deposited upon �111� oriented single-
crystal silicon substrates �50 mm � 5 mm, 1 mm
thick�. The residual internal stress ��� in the films
was determined from the difference in the radii of
curvature of the substrates before and after deposi-
tion of the coating by use of a Fizeau interferometer.14

Total backscattering �TBS� of the components was
measured at 633 and 193 nm with a setup described
in detail elsewhere.15,16 The setup included a
Coblentz sphere collecting the backscattered radia-
tion over an angular range of 2°–85°, several sources
in the spectral region from 193 to 10.6 �m, a detection
unit, and a sample positioning system. For the sam-
ples under study the equipment was adjusted to near-
normal incidence of the test beam on the sample
surface. The scatter values were recorded on each
sample in two one-dimensional scans that were per-
pendicular to each other. The spot size of the laser
beam was 0.4 mm at 633 nm and 4 mm at 193 nm. A

Digital Instruments Dimension 3000 atomic-force
microscope �AFM� was operated in the tapping mode
for direct imaging of the surface features and for
roughness determination. For each sample, scan ar-
eas of 1-, 10-, and 50-�m edge length were evaluated.
Power spectral densities were calculated to yield the
rms roughness that was relevant for an extended
spatial frequency range.17 The crystalline structure
was assessed by x-ray diffraction that used the graz-
ing incidence of a CuK� line in a Siemens D500 dif-
fractometer. To determine layer composition we
obtained depth profiles by using x-ray photoelectron
spectroscopy from the monochromatic AlK� line and
Ar	 low-energy �3-kV� sputtering with a Phi 5500
instrument.

For transmission electron microscopy of layers
grown upon silicon substrates, plane-view specimens
were prepared by conventional mechanical grinding
and dimpling up to 30 �m, followed by a final Ar	-ion
bombardment at a low angle of incidence at 3 kV.
Samples for cross-section observations were prepared
with the same procedure on previously cleaved and
face-to-face-glued samples. Observations were car-
ried out with Hitachi H-800 NA and Philips CM30
electron microscopes working at 200 and 300 kV, re-
spectively. Low-dose observation conditions were
used to avoid degradation of the fluoride layers under
e-beam illumination.

3. Results

The joint experiment was designed in three steps for
each material. The first step comprised the prepa-
ration of the substrates and the coatings as well as an
initial spectrophotometric inspection at the coating
laboratories. In the second step the samples were
collected by one of the laboratories in the consortium
for nondestructive investigation of the surface prop-
erties by AFM and TBS measurements. The final
step was started after a preliminary assessment of
the data was available and included the distribution
of the sample set among the consortium partners for
microscopic studies of the structural properties and
the composition of the films. Retained samples of
each material treated by each process were stored for
further investigations of the absorption behavior and
of the laser-induced damage thresholds of the mate-
rials. In the following subsections, selected results
of the characterization activities are illustrated, com-
pared, and discussed.

A. Index of Refraction

For calculation of the dispersion behavior from spec-
trophotometric scans, three different algorithms
were employed and compared for each sample. Most
dispersion curves calculated by the different analyt-
ical approaches indicated good agreement within a
margin of error of approximately 1%. The major
sources of error could be attributed to experimental
problems, especially to differences in the normaliza-
tion of transmittance and reflectance data. By uti-
lizing the OptiRE program11 we found that all the
MgF2 films were generally homogeneous; meanwhile,
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a slight inhomogeneity of approximately �2.5% was
observed for some boat and e-beam evaporation
�PVD� LaF3 samples. Figure 1 presents typical
wavelength dependencies of the refractive index for
different MgF2 films deposited by the MgF2 PVD2
process upon CaF2 substrates for the wavelength
range 130–260 nm. In Fig. 2 the dispersion behav-
ior of process PVD2 for LaF3 is illustrated for the
DUV–VUV spectral region. In the DUV�VUV spec-
tral region the data-reduction procedures are se-
verely influenced by absorption, scattering, and also
contamination effects in the layers as well as by
higher margins of error that may appear during the
spectrophotometric measurements in the VUV spec-

trophotometric systems. Therefore, to study the ef-
fects of the individual deposition conditions on the
optical properties of the coatings in detail we per-
formed extended calculations for a wavelength range
above 200 nm on the basis of the available algo-
rithms.12,18 In summary, the dispersion behavior of
both deposition materials is in good agreement with
the values published in the literature19,20 and with
the bulk properties of the materials.

B. Coating Stress

The coating stress data for the single layers are
compiled in Table 2 relative to the substrate tem-
peratures employed in the various processes. Inde-
pendently of the material, the residual stresses are
tensile for both of the evaporation processes and com-
pressive for the IBS process. For these materials
and coating processes, chiefly intrinsic contributions
to the total mechanical stress have to be considered.
The intrinsic component is influenced by the micro-
structural properties and the thermal properties of
the coatings. For the PVD layers, which tend to a
columnar growth, intrinsic stress effects can be de-
scribed mainly by the difference in the thermal ex-
pansion coefficients of the layer material and the
silicon substrate. For example, a calculation results
in an estimation of approximately 350 MPa for the
tensile thermal stress in MgF2 layers, which is close
to the measured values. Considering the thermal
expansion coefficient �1.4 � 10�5 K�1� of bulk LaF3,
which is in the same range as the expansion coeffi-
cient of MgF2 and is nearly independent of the crystal
orientation, the intrinsic stress in LaF3 PVD layers is
significantly lower than expected. The small com-
pressive component may be attributed to structural
effects in LaF3. In contrast to those in PVD coat-
ings, stress effects in the IBS films are dominated by
the special microstructure produced in this energetic
process. In IBS the admolecules that carry a high
kinetic energy, in the range of several electron volts
impinge upon the growing layer, which results in the
formation of a dense film structure. In some cases
this structure has an even higher packing density
than the corresponding bulk material, leading to high
compressive stress in the layers.

C. Total Backscattering and Surface Roughness

TBS values of the MgF2 and LaF3 single coatings
upon several substrates are listed in Table 3 for
wavelengths 633 and 193 nm, respectively. Each of
the values in Table 3 results from averaging the total

Fig. 1. Dispersion curves of MgF2 films deposited by the PVD2
upon CaF2 substrates. Curves represent refractive index relative
to wavelength of samples coated in one batch upon selected posi-
tions within the substrate holder. A linear inhomogeneity of
�2.5% was assumed for the calculation with best match to the
experimental data.

Fig. 2. Dispersion curves of LaF3 films deposited by PVD2 upon
CaF2 substrates. The curves represent samples coated in one
batch onto selected positions within the substrate holder.

Table 2. Deposition Temperature and Coating Stressa

Process

Material�Process

MgF2�IBS MgF2�PVD1 MgF2�PVD2 LaF3�IBS LaF3�PVD1 LaF3�PVD2

Substrate temperature �°C� 
60 300 300 
60 300 350
Coating stress �MPa� �910 	385 	300 �1180 	250 	190

aDeposition temperature and stress in the MgF2 and LaF3 single layers deposited upon special silicon substrates for stress measure-
ments. Compressive stress is indicated by �; tensile stress, by 	.
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scattering �TS� values of two perpendicular line scans
over the sample surface. These scans revealed fairly
homogeneous scatter losses across the entire mea-
sured sample areas. For each process type in the
table, the surface roughness values are also added
that were calculated from the AFM topography of a
test area with dimensions 10 �m � 10 �m. For the
MgF2 single layers the lowest scatter losses were
achieved with the e-beam deposition process on all
substrate types investigated. For the boat evapora-
tion process and for IBS, similar scatter values can be
observed for CaF2 substrates. However, a different
tendency is observed for the MgF2 coatings upon
fused silica: MgF2 PVD2 coatings upon superpol-
ished fused-silica substrates exhibited the highest to-
tal backward scattering in this experiment. For the
MgF2 PVD coatings, only a slight correlation between
the roughness values and the scatter losses can be
found: The average surface roughness of MgF2 PVD
coatings, which showed the highest scatter losses in
this experiment, clearly exceeds the average rough-
ness values for the competing processes. The rela-
tively high scatter values of the IBS coatings relative
to their outstanding low surface roughness values
may be based on degradation effects of the substrate
during the initial stages of reactive deposition. For
example, a chemical reaction of the substrate surface
with the reactive fluorine may result in subsurface
defects that enhance the optical scattering of the sub-
strate surface without significantly increasing the
surface roughness. Considering the various sub-
strate classes, no clear tendency in the total scatter
behavior is apparent.

The measured surface roughness of LaF3 coatings
produced by the reactive IBS process was extremely
low compared with those of the other coatings in the
experiment. Even the though lowest values, in the
range 0.6–0.7 nm, were achieved for all substrate
types with superpolishing, TBS values at 633 nm
were located on a higher level than for the competing
coating processes. However, at 193 nm small scat-
ter values that were comparable to the results of the

LaF3 PVD1 were observed for IBS coatings upon
CaF2 substrates.

Established theoretical models based on vector
scatter theories and earlier experimental work indi-
cate that no simple relation between roughness and
light scattering can be expected for thin-film coat-
ings.21 In particular, the influence of the interface
between the layer and the substrate as well as inter-
face cross-correlation properties, which lead to inter-
ference effects of scattered light, can be significant.
In studies of one type of single-layer coating, those
properties were not accessible. Future detailed in-
vestigations will be necessary for proper interpreta-
tion of light-scattering properties in terms of
interface roughness effects.

In Fig. 3, surface topographies of the MgF2 and
LaF3 single layers for the coating processes employed
within the network are displayed. The contrast of
the AFM micrographs, which permits an estimation
of the height of the surface profiles, implies a clear
ranking of the deposition processes in terms of their
surface roughness. For both materials, the most
pronounced contrast, which indicates the highest sur-
face roughness, was observed for the PVD2 coatings.
The structural features fade for the PVD1 and IBS
coatings.

At substrate temperatures near 300 °C, MgF2 con-
densed in a columnar structure with an average grain
size of approximately 15 nm for a layer thickness of
200 nm.22 The topography of the MgF2 PVD2 coat-
ing reflects this structure, which is typical for MgF2
coatings deposited by thermal evaporation: The
granular structure of the surface topography can be
interpreted as end domes of the columns, which have
grown starting in an amorphous MgF2 zone at the
substrate to the surface of the layer. For the MgF2
PVD1 and MgF2 PVD2 coatings the average diameter
of the columns was determined to range from 20 to 30
nm at the layer surface. The structure of the MgF2
IBS coatings exhibited granular dimensions in the
same regime near 25 nm.

In former studies,22 typical grain sizes of PVD LaF3

Table 3. Total Backscattering and Surface Roughnessa

Substrate Substrate

Process

IBS SR and TBS PVD1 SR and TBS PVD2 SR and TBS

SR �nm�

TBS �ppm�

SR �nm�

TBS �ppm�

SR �nm�

TBS �ppm�

193 633 193 633 193 633

Superpolished CaF2 MgF2 1.17 470 85.0 1.89 245 12.6 2.12 463 20.0
Superpolished fused silica MgF2 1.11 600 1.9 1.51 569 5.7 2.09 940 16.7
Silicon MgF2 1.12 5.4 1.17 295 37.6 2.35 795 64.7
Superpolished CaF2 LaF3 0.63 290 32.9 2.78 290 8.0 3.30 740 49.0
Superpolished fused silica LaF3 0.71 900 116.2 3.13 660 12.1 3.83 810 10.1
Silicon LaF3 0.68 440 43.6 3.07 320 4.9

aTBS and surface roughness �SR� of MgF2 and LaF3 single layers upon various substrates at wavelengths 193 and 633 nm. The total
scatter measurements were evaluated from line scans of the sample surface according to Annex C of standard ISO�DIS 13696.16 The
surface roughness data in column 3 were determined by calculation from surface profiles recorded with an AFM in an area of 10 �m �
10 �m.
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single layers were determined to approximately 16
nm for a geometric thickness of 180 nm. Also, PVD-
deposited layers of LaF3 exhibit properties similar to
those of MgF2 layers: Near the substrate surface,
an amorphous growth zone with randomly oriented
isometric crystallites was generally observed. After
a polycrystalline phase this structure was trans-
formed into the typical columnar texture with grain
sizes, which increased for higher substrate tempera-
tures and increasing layer thicknesses. The AFM
micrographs for the PVD LaF3 single layers suggest
slightly larger grains than for the MgF2 coatings,
which were also verified by the higher TBS values of
the LaF3 PVD coatings. In contrast, the surface of
the LaF3 IBS coating can be considered smooth, with
only few features.

D. Stoichiometry

In Table 4 the average magnesium and fluorine con-

tents of the MgF2 and the LaF3 films are summarized
for selected deposition processes. Within the error
margins of the XPS analysis employed, good and uni-
form stoichiometry can be concluded for the MgF2
layers from the selected deposition processes. The
measured ratio of the lanthanum-to-fluorine contents
indicates an extremely unbalanced stoichiometry of
the LaF3 single layers, which is in contradiction to
the measured optical quality of the coatings. The
observed high deficiency of fluorine in the LaF3 layers
can be considered an artifact of the XPS technique:
We suspect that argon-ion etching, which was em-
ployed for this depth-resolved analysis, leads to pref-
erential sputtering of fluorine atoms from the layer
structure. This effect was not observed for MgF2
coatings because the bonding strength of the fluorine
atoms to magnesium is higher than to lanthanum.
The spectra of the LaF3 single layers deposited by
IBS affirm the existence of only a small absorptance,

Fig. 3. �a� AFM pictures of selected 1 �m � 1 �m areas of MgF2 films deposited upon superpolished CaF2 substrates by three deposition
processes: left, PVD2; center, PVD1; right, IBS. The gray scale for the surface profile has a dynamic range from 0 nm �dark� to 20 nm
�light�. �b� As for �a� but for LaF3 films. The topography of LaF3 deposited by PVD1 upon a fused-silica sample is shown.

Table 4. Magnesium and Fluorine Contenta

Contents

Material�Process

MgF2�IBS MgF2�PVD1 MgF2�PVD2 LaF3�IBS LaF3�PVD2

Fluorine �%� 66.9 67.1 67.1 54.2 56.1
Magnesium or fluorine �%� 33.1 Mg 32.9 Mg 32.9 Mg 38.7 La 37.6 La
Ratio 2.02 F�Mg 2.04 F�Mg 2.04 F�Mg 1.39 F�La 1.49 F�La

aAverage magnesium and fluorine content �XPS measurements� of the MgF2 and LaF3 single layers deposited upon Si substrates.
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which is induced mainly by the residual oxygen con-
tamination in the layers. An oxygen content in total
of less than 2% for the MgF2 layers and of as much as
4% for the LaF3 films was detected in the coatings
produced by the reactive IBS process. In these coat-
ings a low level of carbon was also found.

E. Electron Microscopy

The structural surface properties of the single layers
were also investigated by plain-view transmission
electron microscopy within the joint experiment. In
Fig. 4 plane-view micrographs of MgF2 IBS and LaF3
IBS films upon silicon substrates are compared.
The grains of the MgF2 IBS coating �Fig. 4�a�� are
randomly oriented, and a medium grain size of ap-
proximately 25 nm can be deduced from a statistical
evaluation of the micrograph. The same average
grain size and homogeneity of grain size distribution
were observed for the MgF2 PVD1 coating. How-
ever, the MgF2 PVD2 layer exhibited a significantly
larger medium grain size of 35 nm and poor grain size
homogeneity. To gain further insight into the struc-
tural properties of MgF2 layers we performed XRD
analysis for selected coating samples upon CaF2 sub-
strates. The XRD studies revealed a well-defined
polycrystalline structure with no apparent differ-
ences in the peak intensities and FWHM values of
the lines �see Fig. 5�. A tetragonal phase �P42�
mnm�, which is identical to the rutile structure of
bulk MgF2, can be concluded for all MgF2 layers.
Correspondingly, the average lattice constants de-
duced from the XRD measurements are in good
agreement with the constants of the crystalline ma-
terial �a�bulk�  4.625, c�bulk�  3.052�. An anom-
alous small peak close to the �110� line and slightly

higher lattice constants were observed for the IBS
coating.

In the case of the LaF3 IBS-single layer �Fig. 4�b��,
a special structure with an inhomogeneous grain size
distribution was found. The grain size varied from
30 to 90 nm; also, very large grains, with dimensions
greater than 200 nm, were often observed. The ex-
pected hexagonal phase P3c1 of bulk LaF3 could be
confirmed in the present study.

To clarify this special topography of the LaF3 IBS-
layers, we performed further electron microscopic in-
vestigations on the basis of cross-section techniques
�Fig. �6��. Cross sections of the MgF2 layers verified
tendencies for the structural properties already
found in the preceding studies. For example, Fig.
6�a� shows a cross section of a MgF2 PVD2 coating,
which clearly reveals the expected columnar growth
of thermally evaporated fluoride films. Besides the
coating, which is located at the upper section of the
picture, the silicon substrate and a thin oxide layer
can be distinguished. The underlying oxide layer
can be identified as the native SiO2 film that is
formed upon silicon under normal atmospheric con-
ditions. In this microscopic study the coating thick-
ness was determined to a value of 205 nm, which is
located within the thickness values from 201.6 to
208.1 nm calculated on the basis of the dispersion
modeling. In the micrograph, the initial growth
zone of the layer, which has an amorphous crystalline
phase, can be clearly resolved. The columnar
growth region following the initial zone is dominated
by structural features with a conical shape, which
exhibit a size increase toward the surface of the layer.
Some of these columns can be traced back to the
substrate surface and may reach a diameter of as
much as 50 nm at the layer surface. In contrast,
cross sections of the MgF2 IBS coating revealed a
regular rectangular shape of the columns in the mi-
crostructure with an average column width in the
range 20–25 nm. For LaF3 IBS single layers an
analogous structure can be observed �Fig. 6�b��: Rel-
ative to the MgF2 IBS coating, the LaF3 layers exhib-
ited a variety of imperfections and crystallites of

Fig. 4. Transmission electron micrograph of left, a MgF2 film and
right, a LaF3 film coated by reactive IBS upon silicon substrates
�transmission electron micrograph plane view�.

Fig. 5. X-ray diffraction analysis for MgF2 films upon superpol-
ished CaF2 substrates �b, boat evaporation; e, e-beam evaporation�.
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various sizes. As expected from previous studies
with plain-view microscopy, the heterogeneous grain
size distribution and also randomly distributed large
grains can be identified in the cross section. In con-
trast to the other single layer considered in this
study, the texture of the layer is dominated by glob-
ular grains.

The difference in the microstructures of fluoride
coatings deposited by PVD and by IBS can be inter-
preted on the basis of the different condensation con-
ditions of these processes. In PVD, the kinetic
energy of the admolecules has a Boltzmann distribu-
tion with a mean value near 0.1–0.3 eV. Thus the
growth of the PVD coatings is mainly a condensation
process, with low mobility of the admolecules on the
layer surface and shadowing effects by particles al-
ready built in the layer. Compared with this growth
mechanism, which is strongly dependent on the layer

thickness, the sputter process employed for MgF2
produced particles with average kinetic energies in
the range 3–4 eV. Therefore the IBS process is dom-
inated by high-energy condensation with enhanced
particle mobility, and, after the first few molecular
layers were settled upon the substrate surface, the
growth conditions of the IBS coating were nearly con-
stant, with no significant influence from the former
development. These conditions resulted in the uni-
form homogeneous layer structure observed in this
study for the MgF2 IBS layers.

4. Conclusion

A ranking of the selected deposition processes can be
established on the basis of the available experimental
results for MgF2 and LaF3 coatings. Layers depos-
ited by ion-beam sputtering exhibit a refractive index
near the bulk value of MgF2; they have lowest surface
roughness of the processes studied; and their micro-
structure is homogeneous, consisting of regular rect-
angular columns. MgF2 IBS coatings suffer from
compressive stress, which is attributed to the high
energetic growth conditions of these layers. Even
though the total backscatter values of LaF3 IBS films
and surface roughness values are lower than the cor-
responding values of MgF2 IBS coatings, their micro-
structural properties are inferior.

The PVD processes investigated in the present
study resulted in MgF2 coatings with higher indices
of refraction and a microstructure that contains
V-shaped columns and grain sizes of as much as 35
nm. In contrast, the total backward scatter losses of
the conventionally deposited films can be less by a
factor of 2 than for IBS films, indicating contributions
from the volume and the film–substrate interface to
the optical scatter behavior of the IBS coatings. The
residual stress of the MgF2 PVD coatings is domi-
nated by the difference in the thermal expansion co-
efficients of the substrate and the film. For LaF3
PVD single layers, tendencies similar to those for the
MgF2 PVD coatings were observed.

The present study can be considered a substantial
basis for the optimization of optical coating systems
for the DUV VUV spectral range. With respect to
optical scattering and stability, the best results are
expected for layer systems produced by IBS. The
highest damage thresholds may be predicted for the
PVD processes, which result in coatings with bal-
anced stoichiometry.
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