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The optical, mechanical, and microstructural properties of MgF2 single layers grown by ion beam
sputtering have been investigated by spectrophotometric measurements, film stress characterization,
x-ray photoelectron spectroscopy~XPS!, x-ray diffraction, and transmission electron microscopy.
The deposition conditions, using fluorine reactive gas or not, have been found to greatly influence
the optical absorption and the stress of the films as well as their microstructure. The layers grown
with fluorine compensation exhibit a regular columnar microstructure and an UV-optical absorption
which can be very low, either as deposited or after thermal annealings at very low temperatures. On
the contrary, layers grown without fluorine compensation exhibit a less regular microstructure and
a high ultraviolet absorption which is particularly hard to cure. On the basis of calculations, it is
shown that F centers are responsible for this absorption, whereas all the films were found to be
stoichiometric, in the limit of the XPS sensitivity. On the basis of external data taken from literature,
our experimental curves are analyzed, so we propose possible diffusion mechanisms which could
explain the behaviors of the coatings. ©2000 American Vacuum Society.
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I. INTRODUCTION

Fluorides such as MgF2 are typical materials to make op
tical coatings for laser applications in the ultraviolet~UV!
spectral range.1 The coatings, conventionally grown b
evaporation, generally exhibit relatively low optical loss
and a high packing density, provided that the deposition
performed at high temperature, namely in the range of 25
300 °C. Such deposition conditions lead, however, to roug
films, which can induce optical scattering.

In modern applications, such as semiconductor lithog
phy, the trend to lower wavelengths requires improving
quality of the coatings towards smoother films, in particul
Thus, for many years, various attempts of improvement h
been achieved using, for instance, ion assisted depos
techniques to get denser films at low depositi
temperature.2,3 Nevertheless, this ion-induced densificati
was found to create a strong optical absorption in the film
which makes them properly unusable for deep ultravio
~DUV! applications. As a more innovative growth techniqu
the ion beam sputtering~IBS! of MgF2 target offers good
perspectives to enhance the layer quality. The major adv
tage of the technique is to produce, at ambient tempera
coatings with higher packing density and thus reduced o
cal scattering.4 Up to recently, the major obstacle to the u
of sputtering techniques for the deposition of MgF2 coatings
has resulted from the high optical absorption of the film
Whatever the sputtering techniques, either catho
sputtering5 or IBS,6,7 the extinction coefficient~k! of the
MgF2 films at a wavelengthl5400 nm and lower, neve

a!Electronic mail: quesnel@chartreuse.cea.fr
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dropped below 1022. A common explanation for this phe
nomenon generally is the nonideal stoichiometry of the fil
attributed to preferential sputtering of lighter atoms by en
getic species impinging onto the growing film. Neverthele
more recently and thanks to a new reactive deposition p
cess, very low absorbing IBS MgF2 films have been success
fully produced withk coefficients in the range of 1026.8

In this context, the present study deals with the charac
ization of IBS-grown MgF2 coatings. It mainly aims at bring
ing new elements to improve the understanding of the ori
of optical absorption in sputtered MgF2 coatings. Therefore
the deposition conditions of IBS MgF2 films have been in-
tentionally varied widely. We present here the most sign
cant results regarding the microstructural, mechani
chemical, as well as optical characteristics of the films.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

For this study, different samples were produced in vario
deposition conditions. For each run, three different substr
were used: UV-grade silica samples, Si~111! 2 in. wafers,
and specific bar-shaped Si~111! substrates@(5035) mm2 and
1 mm thick#. The silica samples were dedicated to optic
characterizations. The different silicon substrates assig
for the other characterizations were first covered with a t
alumina sputtered film to warrant a good adhesion of
MgF2 layers. The film deposition was performed in a loa
locked IBS chamber equipped with two cryo pumps lead
to a base pressure of 431028 mbar. During deposition, the
28690Õ18„6…Õ2869Õ8Õ$17.00 ©2000 American Vacuum Society
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TABLE I. Typical characteristics of deposited samples.

Sample Process
PF2

/sa

(1026 mbar Å21 s)
Thickness

~nm!
n

at 351 nm
k

at 351 nm
Stresss
~MPa!

Grain size
~nm!

R0 Nonreactive 0 475 1.41 3.331022 179 40
R1 Reactive 5.7 320 1.387 131022 2117 30
R2 Reactive 6.3 290 1.390 4.431023 2537 30
R3 Reactive 6.6 217 1.394 1.431023 2636 25
R4 Reactive 7.6 203 1.391 831026 2910 25

aSee definition in text.
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substrate temperature remained lower than 60 °C and the
erating pressure was fixed at 131024 mbar. The target-to-
substrate distance is equal to 50 cm.

The first deposition run~denoted R0! was performed by
simply sputtering a hot-pressed MgF2 target with xenon ions
accelerated at an energy of 900 eV. As we will see, th
operating conditions led to the production of slightly brow
ish films which exhibit rather high optical losses. Such
phenomenon has been already observed in a previous s4

we made on other fluoride films, namely IBS YF3 films, and,
on the basis of composition measurements, it was cle
attributed to fluorine deficiency in the films. That is why, f
the present work, other MgF2 samples were prepared usin
reactive deposition conditions which were gradually i
proved~runs R1 to R4!. We based this improvement on tw
main ideas which consist of the necessity of:~i! bringing
additional fluorine to the sputtered target and to the grow
film, ~ii ! reducing the ion bombardment of the growing Mg2

films. The reduction of ion bombardment is obtained by
ing xenon as sputtering gas instead of argon, limiting t
way the flux of reflected ions by the target. The supply
additional fluorine was initially achieved by introducing C4
gas in the deposition chamber. For the present purpose
since DUV applications are concerned, diluted fluorine
now preferred in order to limit the carbon contaminatio
The carbon is indeed known to promote strong DUV opti
losses.9 The diluted fluorine we used is a mixture of 10%2
in argon. During deposition, the flow rate of diluted fluorin
was equal to 5 sccm, which corresponded to a partial p
sure of fluorinePF2 of around 231026 mbar. From run R1
to R4 the operating conditions were thus varied by decreas
the Xe1 ion flux arriving at the MgF2 target relative to the F2
concentration in the chamber. As a result, the film deposi
rate ~s! decreases from 0.35 to 0.25 Å/s. If we assume t
the fluorination of the deposited films occurs mainly at t
substrate surface, its efficiency would then depend on
flux ratio between the additional fluorine~introduced in the
chamber! which diffuses towards the substrate (vF2) and the
sputtered Mg and F atoms coming from the target (vMg

12vF). SincevF2 depends on the fluorine partial pressu
PF2 , and (vMg12vF) depends on the deposition rates, the
fluorination efficiency is directly related to thePF2 /s ratio.
This ratio is not dependent on chamber geometry or pump
system and constitutes a relevant process parameter, u
by an experimenter, to define each deposition run~see Table
I!.
l. A, Vol. 18, No. 6, Nov ÕDec 2000
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B. Optical characterizations

In order to evaluate the efficiency of the reactive depo
tion conditions, a systematic optical characterization w
performed on each sample deposited on silica. The reflec
~R! and transmission~T! spectra were recorded between 2
and 800 nm using al9 Perkin-Elmer spectrophotomete
This spectrophotometer is equipped with a homemade ac
sory which enables us to measure the transmission and
flection of the sample at exactly the same irradiated area
a result, the absolute measurement accuracy is less
60.3%. From these measurements, the thickness and op
constants~n, k! of the films were calculated, in particula
their extinction coefficient dispersion curves@k(l)# which
are related to the optical losses in the films. For this purpo
we used a nonlinear regression technique and assum
Cauchy law for the refractive index dispersion@n(l)#. The
extinction coefficient dispersion curve was calculated by
ting theory to the measured normalized losses~NL! of the
coating given by the following relation: NL(l)5@(1
2R(l)2T(l)#/T(l).

C. Physical characterizations

The physical film characterizations comprise mechan
stress measurements, crystallographic analyses, and t
mission electron microscopy~TEM!. The film stress mea-
surements, performed just after deposition, were done
bar-shaped silicon substrates using an interferometric te
nique. The residual stress~s! was deduced from the chang
of curvature radius of the samples using the Stoney equa

s5@Es /~6~12vs!#•@es
2/ef #•@r 2

212r 1
21#,

whereEs /(12vs) is the biaxial modulus~229 GPa for the Si
substrate!, es andef are the substrate, and MgF2 film thick-
nesses, respectively, andr 1 andr 2 are the radii of curvature
of the substrate before and after MgF2 deposition, respec-
tively.

The crystalline structure was determined by x-ray diffra
tion ~XRD! using grazing incidence of a CuKa line in a
Siemens D500 instrument. Concerning TEM, plane-vi
specimens were prepared by conventional mechanical gr
ing and dimpling up to 30mm followed by a final Ar1 ion
bombardment on the substrate side at low angle of incide
~6°! and at 3 kV in a Gatan precision ion polishing syste
For cross-section observations, samples were prepared u
the same procedure on previously cleaved and face to
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glued samples. The observations were achieved on Hit
H-800 NA and Philips CM30 electron microscopes worki
at 200 and 300 kV, respectively. Due to the instability
fluoride layers under electron beam illumination, low do
observation conditions were used.

D. Composition analyses

The composition determination and the detection of c
tamination levels were carried out by x-ray photoelectr
spectroscopy~XPS! with a Perkin-Elmer Phi 5500 instru
ment using monochromatic AlKa line. In order to test the
composition homogeneity across the layer, depth pro
spectra were obtained using an Ar1 bombardment at low
energy~3 keV!. High-resolution scans over the F 1s, Mg 2s,
Si 2p, C 1s, O 1s, and Al 2p peaks were taken after eac
bombardment period with a step size of 0.25 eV.

III. RESULTS

The main characteristics of the different samples are s
marized in Table I. As mentioned in Sec. II A, the differe
process conditions are described by thePF2 /s experimental
parameter. This parameter increases from run R0 to R4,
which corresponds to an improvement of the fluorinat
conditions. The extinction coefficients of the films measu
at l5351 nm~k at 351 nm values! are a good indication o
their optical quality level. At the same time, whatever t
deposition conditions, the films exhibit a low refractive ind
which remains very close to the one of bulk MgF2. As ex-
pected, from R0 to R4, there is a drastic decrease ofk. It is
worth noting that for the R4 sample, which is a particularly
low absorbent~lowestk value!, k was measured using a pho
tothermal deflection technique, which is far more sensit
than spectrophotometry. As shown in Table I, the modifi
tion of the optical properties is accompanied by a chang
the mechanical stresses. For nonreactive deposition co
tions, the stress is slightly tensile, whereas from R1 to R4, for
reactive conditions, the stress becomes more and more c
pressive. The meaning of these stress values must be
fully analyzed. We know, indeed, that different process
contribute to the overall residual stress. The first compon
s th of the stress comes from the thermal mismatch betw
substrate and film. If we assume that, whatever the sam
the deposition temperature is constant during the wh
deposition run (Td;60 °C), we have

s th5@Ef /12v f #•@aSi2aMgF2
#•@202Td#,

whereEf andv f are Young and Poisson moduli of the MgF2

film, respectively,aSi and aMgF2
are the expansion coeffi

cients of substrate and MgF2 film, respectively. TakingEf

5137 GPa,v f50.3, aSi52.531026 K21, and aMgF2
513.7

31026 K21 leads to an estimation of the thermal stress co
ponent of187 MPa. The other stress components are
intrinsic component (s i), related to the deposition proces
itself, and the extrinsic stress component (se) due to the
interaction of the film with its environment~in particular
water vapor!. In the case of our sputtered films, the films a
dense (d53.14 g cm3) and free of water so thatse can be
JVST A - Vacuum, Surfaces, and Films
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neglected (se'0). This assumption is backed up by the fa
that after 40 days of aging in room air, the stress level
mains perfectly unchanged. So we have

s5s i1s th .

Using this expression of the residual stress for the analysi
data from Table I leads to the conclusion that, in the non
active deposition conditions, the process does not induce
intrinsic stress except some low tensile thermal ones. On
contrary, for the reactive fluorine conditions, from R1 to R4

samples, the thermal contribution decreases in compar
with the compressive intrinsic stress component which
comes more and more dominant.

We must now examine the crystallographic structure
the films. The grazing incidence XRD spectra achieved
different samples are presented in Fig. 1. These spectra
characteristic of well-defined polycrystalline structures.
deduced from the positions of the peaks, the crystallograp
nature of the samples corresponds to the tetrago
P42 /mnm phase of MgF2. Furthermore, the comparison o
the diffraction peak intensities with theory values~structure
factor!, indicates first, that a slight^110& texture exists in the
samples and second, that the less textured sample is sa
R0.

In order to complete the structure analyses of the film
TEM observations have been performed. In Fig. 2 typi
TEM plane-view observations made on four samples a
their corresponding selected area diffraction~SAD! patterns
are reproduced. The polycrystalline structure of the samp
is clearly seen in these pictures. It is worth noting that on
pattern of Fig. 2~a!, the intense and isolated spots are due
the Si substrate. Statistical measurements of the med
grain size give the results reported in Table I. From sam
R4 to sample R0, the grain size increases slightly from 25
40 nm as the coating thickness does. On sample R1, due to
the higher thickness of the layer, the^110& texture can be
locally observed, as indicated by the intensity variation
ring ~110! on the corresponding SAD pattern in Fig. 2~c!.
This result is in agreement with the previous XRD analys
Cross-section observations of the samples R3, R1, and R0 are
reproduced in Fig. 3. The samples exhibit a more or l

FIG. 1. Grazing incidence XRD spectra of some samples.
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well-developed columnar structure and an exceptional c
pactness. Sample R3 exhibits a very regular structure
Sample R1 tends to have conic columns. For the R0 sample,
the microstructure appears less regular: close to the alum
interface, it consists of small grains~globular growth mode!
and it evolves to a columnar stronglyV-shaped growth mode
as the thickness of the layer increases. Finally, we also
increasing surface roughness from sample R3 to R0.

The chemical composition of each sample has been
lyzed. As a typical result, Fig. 4 displays the atomic conc
tration depth profile of elements for the R3 sample as mea
sured by XPS. The fluorine and magnesium contents
found to be very constant across the whole layer, indica
the very good homogeneity of the coatings and also the
liability of the measurement method. Indeed, any fluor
desorption which could be due to the Ar1 bombardment used
for the analysis has not occurred during the measurem
Furthermore, Mg and F ratio is in good agreement with
MgF2 bulk stoichiometry. Finally, the very low level of oxy
gen confirms the lack of water in the films. The oth
samples exhibit the same kind of composition depth profi
In Table II, the average atomic concentrations of the fil
are summarized for all the samples, including also data
contaminant levels. As not expected, these results indi
that, whatever the sample and deposition conditions, all
coatings exhibit a very good stoichiometry, within the e
perimental error~F/Mg52.0060.05!. Moreover, very low
levels of contamination in carbon and oxygen are measu
in the layers, generally lower than 2% and 1%, respectiv
We note, in particular, that sample R3 exhibits slightly higher
C and O concentration levels, due to a higher initial ba
pressure (;1027 mbar) before deposition.

Finally, the optical properties of the samples have be
investigated. We focused our work on the extinction coe

FIG. 2. Plane-view TEM micrographs and their corresponding selected
diffraction patterns obtained, respectively, on~a! sample R3, ~b! sample R2,
~c! sample R1, and~d! sample R0.
J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov ÕDec 2000
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cient dispersion curves as presented in Fig. 5. Contrary to
compositional results, a very pronounced change in the o
cal properties is observed from one sample to another. F
R0 to R4, the absorption clearly decreases especially in
DUV part of the spectral region. Moreover, the absorbi
coatings exhibit a characteristic absorption peak located
l5260 nm. This feature is typical of color centers as fr
quently reported in literature for MgF2 crystals.10 In order to
check the stability of the absorption observed on the differ
layers, some of them have been submitted to anneali

ea

FIG. 3. Cross-sectional TEM micrographs obtained, respectively, on~a!
sample R3, ~b! sample R1, and~c! sample R0.
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Both UV and thermal annealings have been performed. F
ure 6 describes the evolution of thek spectrum of the R0
sample after a first UV annealing during 2 h under a Hg lamp
followed by different thermal annealings at different tem
peratures. After the first UV treatment, the main absorpt
peak tends to split into two different absorption peaks
proximately centered at 225 and 300 nm. Then, subseq
thermal annealings promote the increase of the 300 nm
tered peak at the expense of the 225 nm centered peak.
ertheless, in the DUV spectral part, the overall absorpt
remains very high, even after annealings up to 350 °C.
creasing the absorption significantly requires temperature
high as 400 °C. On the contrary, the behavior of the ot
samples deposited in reactive deposition conditions is v
different. As illustrated by sample R2 ~Fig. 7!, whatever the
annealing mode, thermally or UV activated, a drastic
crease of the absorption is observed. The low tempera
thermal treatment (T5100 °C) makes the absorption d
crease but its effect saturates. A subsequent short UV ann
ing has, however, a strong effect leading to the comp
drop of the absorption band. That means that samples de
ited in reactive conditions are easily curable.

IV. DISCUSSION

The first noticeable result of this study is that the prop
ties of the films drastically change with the deposition co
ditions. This is particularly true for the mechanical and op
cal properties. Though this result is not surprising, this
however, not the case as far as the chemical compositio

FIG. 4. Atomic concentration depth profiles of the sample R3 as measured by
XPS.

TABLE II. Average layer atomic concentrations~in percentage! of C, O, F,
and Mg in the layer as measured by XPS for all the samples.

R0 R1 R2 R3 R4

C ~%! 1.4 1.4 1.2 1.7 1.4
O ~%! 0.7 0.4 0.3 0.8 0.4
F ~%! 64.3 64.6 65.0 64.2 65.0

Mg ~%! 32.1 32.5 32.1 31.9 32.3
F/Mg 2.0 2.0 2.0 2.0 2.0
JVST A - Vacuum, Surfaces, and Films
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concerned. There is, apparently, a contradiction between
strong evolution of thek-dispersion curves from one samp
to another and the unchanged stoichiometry of the film
Moreover, the fact that all the films exhibit a good stoich
ometry with F/Mg equal to 2 is quite unusual, since most
the investigations made by different authors on fluorides
posited by sputtering, state that the fluorine to metal ratio
lower than the ideal one with an absolute decrease of
ratio frequently in the range of20.1 to 20.5. For instance,
in a previous study we made on IBS YF3

4 we found, under
nonreactive deposition conditions, a F/Y ratio of 2.3 inste
of 3. The same trend was observed by other authors on
MgF2 coatings since they measured F to Mg ratio as low
1.6.6 Finally, on MgF2 films deposited by cathodic
sputtering,5 Martinu, Biedermann, and Holland reporte
F/Mg in the range of only 1, or even less.

It is then necessary to check our results by closely a
lyzing the experimental data, in particular thek(l) spectra.
The specific shape of thek(l) curves suggests the presen
of color centers in the films, which means fluorine vacanc
each one being occupied by one or more electrons. In
past, extensive research activities were focused on the
ation of color centers in MgF2 crystals.10–12From this work,
we know that many kinds of color centers can be genera

FIG. 5. K spectra of as-deposited samples deduced from spectrophotom
measurements.

FIG. 6. K-spectrum evolution of thenonreactivelydeposited sample R0 after
various post-treatments.
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in MgF2 crystals, the most frequent ones being the F cen
which induces an absorption peak centered atl
5250– 260 nm and the M center located atl5370 nm. In
order to clearly elucidate the kind of centers which are
sponsible for the absorption we found in our film, we ha
tried to fit our experimental curves using the model dev
oped, for instance, by Dexter.13 According to this model, it is
possible to calculate the color center concentration from
a(E) curve, wherea is the absorption coefficient related
the extinction coefficient by the well known relationa
54pk/l andE is the energy@E~eV!51.24/l(mm)#. If we
assume a Gaussian dispersion ofa(E), the color center con-
centrationN is given by the Smakula formula

N~cm23!50.8731017@n/~n212!2#• f 1
•a0•U,

wheren is the refractive index of the material at the cent
ing wavelength of the absorption peak,f is the oscillator
strength of the color center,a0 is the absorption coefficien
at the peak, andU is the half-width of the band. Near th
absorption peak and at its maximum, we taken equal to 1.41
and it is usual to assumef ;1.14

In the case of our IBS films, we fitted their absorptio
spectra a(E) with a Gaussian whose equation isa(E)
5a0EXP@2(E2E0)2/W0

2#. W0 is a fit parameter which is
related toU by the relationU52(ln 2)1/2W0 . The fit has
been particularly optimized in the DUV and UV regions
the spectra. Whatever the sample, we found that it was
sible to reasonably fit the absorption curve with only o
Gaussian which indicates the contribution of only one k
of color center. Figure 8 gives some examples
experiment-theory comparison and Table III indicates
different fit parameters. The agreement between meas
ment and theory is rather good. We just note, in particular
R0, a slight discrepancy in the left side of the peak, nea
eV. This could result from a displacement of the fundam
tal absorption edge towards lower energies due to disorde
the coating crystallographic structure as often observed
amorphous or small polycrystallized materials. It is know
indeed that disorder can induce new electronic states in
electronic band gap, which forms so-called band tails, t
way reducing the optical band gap. From Table III, we s

FIG. 7. K-spectrum evolution of areactivelydeposited sample after variou
post-treatments: example of sample R2.
J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov ÕDec 2000
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that for as-deposited films the absorption peak is centere
an energy between 5.15 and 5.4 eV, which means arounl
5235 nm. Even if this value is slightly lower than the wav
length of 260 nm generally reported for the F center in Mg2

crystals, there is no doubt that the absorption of our films
dominated by F-center absorption~one electron trapped on
fluorine site!. In fact, as illustrated by Fig. 9, the centerin
wavelength of the absorption peak is found to shift, af
annealing, to higher wavelengths, up to 253 nm~or 4.9 eV!.
The reason for this shift could be the decrease of the abs
tion near the band edge (E.6 eV) and the narrowing of the
band tails in the energy band gap leading to a reduced
tortion of thea ~l! curve. Further optical investigations i
the vacuum ultraviolet~VUV ! spectral range down tol
5120 nm would be required to check this assumption. F
thermore, as indicated in Table III, the half width of th
absorption band~U! was found to be in the range 2.5–3
eV. Compared to data reported by Sibley and Facey10 for
MgF2 crystals with values of 0.806 eV atT5300 K, our
values are rather high. We have then a broadening of
absorption band related to the polycrystalline nature of
films which, moreover, tends to decrease with the reac
conditions when the film structure is less disordered.

As a consequence of the presence of F centers, there
fluorine vacancies in the films, whose concentrationNV can
be calculated using the Smakula’s formula. Moreover, if
consider that these fluorine vacancies correspond to fluo
atoms missing in the material, it would normally induce
deviation from stoichiometryD~F/Mg! which can be calcu-
lated by the following expression:

D~F/Mg!52NV /NMg ,

FIG. 8. Experimental absorption spectra and corresponding Gaussian fi
curves~solid line! for three different samples.
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TABLE III. Fit parameters for the absorption curves and deduced concentrations of F-vacancies and F/M
deviations.

Sample
a0

~cm21!
W0

~eV!
E0

~eV!
U

~eV!
Nv

(31020 cm23)
D~F/Mg!
(31023)

R0 25 950 1.84 5.15 3 6 219
R1 9860 1.92 5.4 3.2 2.4 28
R2 4670 1.76 5.35 2.93 1.05 23
8 H-annealed R2 2800 1.58 5.05 2.6 0.56 22
40 H-annealed R2 1920 1.48 4.9 2.46 0.36 21
R3 1370 1.73 5.27 2.88 0.30 21
R4 450 1.48 5.2 2.46 0.085 20.3
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whereNV andNMg are the concentration of F vacancies a
Mg atoms, respectively. We haveNMg~cm23!5rNa/M ,
with r being the mass density~3, 17 g cm23), Na Avogadro
number, andM the molar mass of MgF2. The results are
reported in Table III. The data clearly evidence that the c
centration of fluorine vacancies is low enough not to noti
ably affect the F to Mg ratio sinceD~F/Mg! remains lower
than 0.02. This value is far lower than the experimental e
of 60.05 achieved by XPS, which means that such fluor
deficiency is not detectable by XPS. We can conclude
the experimental composition results are not in contradic
with the optical measurements.

The second noticeable result of this study concerns
typical behavior of the coatings after thermal or UV tre
ments. Two opposite behaviors have been found which
be summed up as follows:~i! a nonreversible optical absorp
tion for the IBS films when deposited in nonreactive depo

FIG. 9. Evolution of the experimental absorption spectra and their co
sponding Gaussian fitting curves~solid line! after various thermal anneal
ings: example of sample R2.
Surfaces, and Films
-
-

r
e
at
n

e
-
n

i-

tion conditions;~ii ! an easily curable absorption for sampl
deposited in reactive conditions. Moreover, in this seco
case, the temperature needed for a modification of the
sorption is particularly low: 100 °C corresponding to an e
ergy of 0.03 eV. Catlow, James, and Norgett15 have reported
on the energies of activation for different diffusion mech
nisms in MgF2 crystals. Their calculations state that the rut
crystallographic structure of MgF2, as a noncompact struc
ture, offers diffusion paths which require low energy of a
tivation. Thus, as far as fluorine vacancies are concern
among the different available transitions, the easiest di
sion mechanism corresponds to the transition path den
w3 ~as illustrated on Fig. 10! which requires an energy o
activation of only 0.03 eV. The other mechanisms consu
higher energies, 0.31 and 1.53 eV forw1 and w2 jumps,
respectively. Our results seem then to be consistent with
w3 low energy mechanism. Nevertheless, since after ann
ing we observe a clear decrease of the absorption band,
is to say, a decrease of the F-center concentration~see Table
III !, a recombination mechanism must occur in the mater
Such a recombination which results from interactions
tween an electron, a F vacancy, and a fluorine atom, imp
having some free fluorine in the material. This fluorine cou
come from F atoms positioned in interstitial sites and/or
grain boundaries. During the first low temperature anne
ings, the recombination at the grain boundaries by step

-FIG. 10. F-vacancies diffusion paths in MgF2 crystal ~from Ref. 15!. Thec
axis is vertical and the energies of activation are 0.31 eV (w1); 1.53 eV
(w2), and 0.03 eV (w3).
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step migration of F vacancies towards the grain surfac
probably the dominant mechanism. Such a mechan
would be, indeed, less energy consuming since it does
require supplementary energy for F migration from inters
tial to F sites. Nevertheless, the necessity of using U
activated annealing afterwards to completely bleach the
terial pleads in favor of a second mechanism
recombinations between F color centers and interstitial F
oms. The Hg-UV lamp exhibits indeed a strong ray emitti
at E;5 eV, which corresponds to the energy required
suppress an anion-Frenkel-pair defect.15 Furthermore, the
fact that the films deposited under reactive conditions exh
compressive stresses tends to prove that some suppleme
fluorine could lie in the material at wrong positions. Th
annealing of the films by replacing the F atoms in the rig
positions would then induce a mechanical relaxation of
coatings, which has not been proved yet.

Concerning now the R0 sample, the various annealing
only affected the shape of the absorption curve. Suc
change looks quite similar to the photothermal convers
effects reported by Baryshnikovet al.12 observed on an-
nealed MgF2 crystals which they had previously made flu
rine deficient by electron beam irradiations. Among the d
ferent absorption bands which arose in the absorp
spectrum after successive annealings, they identified a b
at l5300 nm whose origin is unfortunately not clear. O
results are too limited to go deeper into the discussion,
the fact that the R0 sample keeps its absorption high sho
that no color center recombination seems to occur in
material. It means that there is either no free fluorine av
able or the structural disorder in the layer prevents the di
sion mechanisms from happening at low activation ener
Our TEM analyses have clearly evidenced that our dep
tion conditions, when reactive, promote a far more regu
arrangement of the grains in the coatings. Moreover
slightly preferential orientation of the grains with their~110!
plans parallel to the coating surface is observed. As ill
trated in Fig. 10, the activation energy of the F vacanc
strongly depends on the crystallographic directions and
much higher along, for instance, the C axis~w2 path!. In a
columnar structure where the column height correspond
the thickness of the coating~200–300 nm! and the column
width ranges from 25 to 40 nm, if we assume some reco
binations to occur at the grain interface, it is clear that d
fusion paths perpendicular to the columns would be m
favorable. We suggest here that the preferential orienta
of the columns observed in R1–R4 samples, by aligning more
or less the ‘‘low energy’’w3 path along the diameter of th
columns, may help the recombination mechanisms to h
pen.

V. CONCLUSION

This study shows that the advanced IBS fluoride proc
we developed enables the production of very low UV a
sorbing MgF2 films which exhibit a bulk-like low refractive
index. Contrary to previous works, the fluorine deficienc
even in nonreactive deposition conditions, remains extrem
J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov ÕDec 2000
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low. Microstructure differences between the samples,
pending on the deposition conditions, have been eviden
the samples deposited in reactive conditions exhibit reg
columnar microstructures~slightly ^110& textured!, whereas
the sample deposited in nonreactive conditions exhibit
more irregular and randomly orientated microstructu
Moreover, the results show that the improvement of the
tical properties is connected with a change of the mechan
stress in the films from tensile to more and more compr
sive.

The origin of the residual absorption has been identifi
as due to F centers in the material. On the basis of a sim
color center model, the concentration of these centers
been calculated and found to be very low. Such a re
emphasizes the particularly high sensitivity of MgF2 films to
fluorine vacancies, as far as optical absorption is concer
Moreover, the reactive deposition conditions, by greatly i
proving the arrangement of the structure of the films, seem
make the optical recovery of the films easier provided t
we assume free atomic fluorine to be available. On the c
trary, the disturbed structure of films deposited in nonre
tive deposition conditions by promoting the high stability
the strong optical absorption could explain the fact that th
films are not curable.
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