Optical and microstructural properties of MgF  , UV coatings grown
by ion beam sputtering process

E. Quesnel® and L. Dumas
LETI/CEA-G-DOPT, 17 rue des Martyrs, 38054 Grenoble cedex 9, France

D. Jacob and F. Peiro ) )
EME, Ingeniera y Materiales Electroicos, Departamento de Electiiza, Universidad de Barcelona, Marti
i Franques, 1, E-08028 Barcelona, Espan

(Received 22 December 1999; accepted 10 July 000

The optical, mechanical, and microstructural properties of MgRgle layers grown by ion beam
sputtering have been investigated by spectrophotometric measurements, film stress characterization,
x-ray photoelectron spectrosco¥PS), 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. ZD00 American Vacuum Society.
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I. INTRODUCTION dropped below 10%. A common explanation for this phe-
nomenon generally is the nonideal stoichiometry of the films
attributed to preferential sputtering of lighter atoms by ener-

spectral rangé. The coatings, conventionally grown by getic species impinging onto the growing film. Neve_rt_heless,
evaporation, generally exhibit relatively low optical lossesMOré recently and thanks to a new reactive deposition pro-

- ; ; ; e , low absorbing IBS MgFilms have been success-
and a high packing density, provided that the deposition i €ss, very X . . 8
performed at high temperature, namely in the range of 250§u"y prc_)duced withk coefficients in the range of 10.
In this context, the present study deals with the character-

300 °C. Such deposition conditions lead, however, to rougher " ; . . .
films, which can induce optical scattering. ization of IBS-grown Mgk coatings. It mainly aims at bring-

In modern applications, such as semiconductor Iithograing new elements to improve the understanding of the origin

phy, the trend to lower wavelengths requires improving theof optical absorption in sputtered MgEoatings. Therefore,

quality of the coatings towards smoother films, in particular.the .deposmon_ conqmons of IBS MgHilms have been n-
Thus, for many years, various attempts of improvement haVéentlonally varied widely. We present here the most signifi-

been achieved using, for instance, ion assisted depositioﬁ;ﬂnt results regarding the microstructural, mechanical,

techniques to get denser films at low depositionc emical, as well as optical characteristics of the films.
temperaturé:® Nevertheless, this ion-induced densification

was found to create a strong optical absorption in the films,

which makes them properly unusable for deep ultraviolet]. EXPERIMENTAL PROCEDURE

(DUV) applications. As a more innovative growth technique
the ion beam sputteringBS) of MgF, target offers good
perspectives to enhance the layer quality. The major advan- For this study, different samples were produced in various
tage of the technique is to produce, at ambient temperaturéeposition conditions. For each run, three different substrates
coatings with higher packing density and thus reduced optiwere used: UV-grade silica samples(13i1) 2 in. wafers,

cal scatterind. Up to recently, the major obstacle to the useand specific bar-shaped($11) substrate§(50x 5) mn? and

of sputtering techniques for the deposition of Mgi@atings 1 mm thick]. The silica samples were dedicated to optical
has resulted from the high optical absorption of the films.characterizations. The different silicon substrates assigned
Whatever the sputtering techniques, either cathodidor the other characterizations were first covered with a thin
sputtering or IBS®7 the extinction coefficientk) of the  alumina sputtered film to warrant a good adhesion of the
MgF; films at a wavelengtihn=400nm and lower, never MgF, layers. The film deposition was performed in a load-
locked IBS chamber equipped with two cryo pumps leading
dElectronic mail: quesnel@chartreuse.cea.fr to a base pressure of410™ 8 mbar. During deposition, the

Fluorides such as MgFare typical materials to make op-
tical coatings for laser applications in the ultraviol&tV)

'A. Sample preparation
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TasLE |. Typical characteristics of deposited samples.

Plesal Thickness n k Stresso  Grain size
Sample Process (10 ®mbarA's) (nm) at351 nm at351nm (MPa (nm)
Ry Nonreactive 0 475 1.41 331072 +79 40
R, Reactive 5.7 320 1.387 X102 —-117 30
R, Reactive 6.3 290 1.390 441073 —537 30
R3 Reactive 6.6 217 1.394 241073 —636 25
R, Reactive 7.6 203 1.391 %8106  —910 25

aSee definition in text.

substrate temperature remained lower than 60 °C and the op- Optical characterizations
erating pressure was fixed ak1l0~*mbar. The target-to-
substrate distance is equal to 50 cm.

The first deposition rurfdenoted B) was performed by
simply sputtering a hot-pressed Mgfarget with xenon ions

In order to evaluate the efficiency of the reactive deposi-
tion conditions, a systematic optical characterization was
performed on each sample deposited on silica. The reflection
) R) and transmissiofT) spectra were recorded between 200
accelet_rated a;_f_m enle;g:/ (:I] 900 ZV' tAS er ;/_Vllrl]tlseg, thes nd 800 nm using a9 Perkin-Elmer spectrophotometer.
operating conartions led to the proauction of slightly brown- ;¢ spectrophotometer is equipped with a homemade acces-

'Sr:] films Wh'cr? e)é)h'b't r?the(; h'%h Opt'gal Iosses.i Sufht ?%ory which enables us to measure the transmission and re-
phenomenon has been alréady obSErved In a previous StUGye otjqn of the sample at exactly the same irradiated area. As
we made on other fluoride films, namely IBS ¥fims, and,

a result, the absolute measurement accuracy is less than

on .the basis of .compo.sif[ion measurgments, it was cIearIyiO_S%_ From these measurements, the thickness and optical
attributed to fluorine deficiency in the films. That is why, for constants(n, K of the films were calculated, in particular

the present work, other MgFsamples were prepared using their extinction coefficient dispersion curvgek(\)] which

reactl\(/je dep05|tt|on C?/Ud'téons dV\f[rr‘]'_Ch_ were gradtlallytvlvm-are related to the optical losses in the films. For this purpose,
proved(runs R to R,). We base IS Improvement on tWo e ysed a nonlinear regression technique and assumed a

main ideas which consist of the necessity GJ: bringing Cauchy law for the refractive index dispersipm(\)]. The

gdditiqnal fluo_rine to Fhe Sputtered target and to th_e grovVm%xtinction coefficient dispersion curve was calculated by fit-
film, (ii) reducing the ion bombardment of the growing MgF ting theory to the measured normalized losé§) of the
films. The reduction of ion bombardment is obtained by us- NR( =[(1

) : . L coating given by the following relation:
ing xenon as sputtering gas instead of argon, limiting that ROV) =TT,

way the flux of reflected ions by the target. The supply of

additional fluorine was initially achieved by introducing £F C Physical ch L

gas in the deposition chamber. For the present purpose and ysical characterizations
since DUV applications are concerned, diluted fluorine is The physical film characterizations comprise mechanical
now preferred in order to limit the carbon contamination.stress measurements, crystallographic analyses, and trans-
The carbon is indeed known to promote strong DUV opticalmission electron microscop¢TEM). The film stress mea-
losses’ The diluted fluorine we used is a mixture of 10% F surements, performed just after deposition, were done on
in argon. During deposition, the flow rate of diluted fluorine bar-shaped silicon substrates using an interferometric tech-
was equal to 5 sccm, which corresponded to a partial prestique. The residual strese) was deduced from the change
sure of fluorinePg, of around 210 ® mbar. From run R of curvature radius of the samples using the Stoney equation
to R, the operating conditions were thus varied by decreasing 2 11

the Xe" ion flux arriving at the Mgk target relative to the F o=[Es/(6(1—ve)]-[es/er]-[ry =1 7],

concentration in the chamber. As a result, the film depositiowhereEg/(1—v) is the biaxial modulu$229 GPa for the Si

rate (s) decreases from 0.35 to 0.25 A/s. If we assume thasubstraty e, ande; are the substrate, and MgFim thick-

the fluorination of the deposited films occurs mainly at thenesses, respectively, and andr, are the radii of curvature
substrate surface, its efficiency would then depend on thef the substrate before and after Mgéeposition, respec-
flux ratio between the additional fluori@troduced in the tively.

chambey which diffuses towards the substratg-f) and the The crystalline structure was determined by x-ray diffrac-
sputtered Mg and F atoms coming from the targef,{ tion (XRD) using grazing incidence of a Ca line in a
+2vg). Sincevg, depends on the fluorine partial pressureSiemens D500 instrument. Concerning TEM, plane-view
Pe2, and @ g+ 2vg) depends on the deposition ratethe  specimens were prepared by conventional mechanical grind-
fluorination efficiency is directly related to tHeg,/s ratio.  ing and dimpling up to 3Qum followed by a final AF ion

This ratio is not dependent on chamber geometry or pumpingombardment on the substrate side at low angle of incidence
system and constitutes a relevant process parameter, usal) and at 3 kV in a Gatan precision ion polishing system.
by an experimenter, to define each deposition(age Table For cross-section observations, samples were prepared using
). the same procedure on previously cleaved and face to face
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glued samples. The observations were achieved on Hitach
H-800 NA and Philips CM30 electron microscopes working £ 300
at 200 and 300 kV, respectively. Due to the instability of <
fluoride layers under electron beam illumination, low dose
observation conditions were used.

0 (110)

—R0
——Rl
——R2
2000 —R3

2500

D. Composition analyses 1500

iffracted Intensity (A

The composition determination and the detection of con-
tamination levels were carried out by x-ray photoelectron & 1 ‘
spectroscopy(XPS) with a Perkin-Elmer Phi 5500 instru- 500 1 “ |
ment using monochromatic Al « line. In order to test the o el
composition homogeneity across the layer, depth profile '
spectra were obtained using an “Abombardment at low
energy(3 keV). High-resolution scans over the B,1Mg 2s,
Si 2p, C 1s, O 1s, and Al 2p peaks were taken after each Fic. 1. Grazing incidence XRD spectra of some samples.
bombardment period with a step size of 0.25 eV.

1000

IIl. RESULTS neglected §.~0). This assumption is backed up by the fact

The main characteristics of the different samples are sumt—hat after 40 days of aging in room air, the stress level re-

marized in Table I. As mentioned in Sec. Il A, the different mains perfectly unchanged. So we have
process conditions are described by Be /s experimental o=0;t oy

parameter. This parameter increases from ryntdR Ry,
which corresponds to an improvement of the fluorination
conditions. The extinction coefficients of the films measure
atA=351nm(k at 351 nm valuesare a good indication of
their optical quality level. At the same time, whatever the
deposition conditions, the films exhibit a low refractive index
which remains very close to the one of bulk MgRAs ex-
pected, from Rto R,, there is a drastic decreaseloflt is

worth noting that for the Rsample, which is a particularly We must now examine the crystallographic structure of

low absorbentlowestk valug, k was measured using a pho- the films. The grazing incidence XRD spectra achieved on

tothermal deflection technique, Wh'(.:h Is far more Sensitiveicterent samples are presented in Fig. 1. These spectra are
than spectrophotometry. As shown in Table I, the modifica

. characteristic of well-defined polycrystalline structures. As

:'r?; rc:et:ﬁaa%;a;t?ézzzgleéc:rs r?gﬁ?égz:c;e%gyoziggsn(?:n%_educed from the positions of the peaks, the crystallographic
' P ature of the samples corresponds to the tetragonal

tions, the stress is slightly tensile, whereas froptdrR,, for P4,/mnm phase of Mgk, Furthermore, the comparison of

reactive conditions, the stress becomes more and more Comk” diffraction peak intensities with theory valu@ructure

pressive. The meaning of these stress values must be Carf%fctor), indicates first, that a sligiL10) texture exists in the

fully gnalyzed. We know, |.ndeed, that dlffer_ent processes amples and second, that the less textured sample is sample
contribute to the overall residual stress. The first compone

oy, of the stress comes from the thermal mismatch between®
substrate and film. If we assume that, whatever the samplq,E
the deposition temperature is constant during the whole-l_
deposition run T4~60°C), we have

Using this expression of the residual stress for the analysis of
ata from Table | leads to the conclusion that, in the nonre-
active deposition conditions, the process does not induce any
intrinsic stress except some low tensile thermal ones. On the

contrary, for the reactive fluorine conditions, from ® R,
samples, the thermal contribution decreases in comparison
with the compressive intrinsic stress component which be-
comes more and more dominant.

In order to complete the structure analyses of the films,
M observations have been performed. In Fig. 2 typical
EM plane-view observations made on four samples and
their corresponding selected area diffracti@AD) patterns
on=[Ef/l-v¢]-[asi— amge,] [20—T4], are reproduced. The polycrystalline structure of the samples
) i is clearly seen in these pictures. It is worth noting that on the
whereE andv are Young and Poisson moduli of the MOF - hatter of Fig. 2a), the intense and isolated spots are due to
film, respectively,as; and aygr, are the expansion coeffi- e gj supstrate. Statistical measurements of the medium
cients of substrate and MgRilm, respectively. Takingg  grain size give the results reported in Table I. From sample
=137GPa,u;=0.3, a5=2.5x10"°K™%, and ayge,=13.7 R, to sample B, the grain size increases slightly from 25 to
x 10" ®K ! leads to an estimation of the thermal stress com40 nm as the coating thickness does. On sampledRe to
ponent of +87 MPa. The other stress components are theéhe higher thickness of the layer, ti&10 texture can be
intrinsic component ;), related to the deposition process locally observed, as indicated by the intensity variation on
itself, and the extrinsic stress component,X due to the ring (110 on the corresponding SAD pattern in Fig(cR
interaction of the film with its environmen@n particular ~ This result is in agreement with the previous XRD analyses.
water vapoy. In the case of our sputtered films, the films are Cross-section observations of the samplgs®R, and R are
dense ¢=3.14gcm) and free of water so that, can be reproduced in Fig. 3. The samples exhibit a more or less
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100 nm

Fic. 2. Plane-view TEM micrographs and their corresponding selected area
diffraction patterns obtained, respectively, @nsample R, (b) sample B,
(c) sample R, and(d) sample RB.

well-developed columnar structure and an exceptional com-
pactness. Sample s;Rexhibits a very regular structure.
Sample R tends to have conic columns. For thg $ample,

the microstructure appears less regular: close to the alumina
interface, it consists of small grairiglobular growth mode

and it evolves to a columnar strongltshaped growth mode

as the thickness of the layer increases. Finally, we also note
increasing surface roughness from samplddrR,.

The chemical composition of each sample has been ana-
lyzed. As a typical result, Fig. 4 displays the atomic concen-
tration depth profile of elements for the; Rample as mea-
sured by XPS. The fluorine and magnesium contents are
found to be very constant across the whole layer, indicating
the very good homogeneity of the coatings and also the re-
liability of the measurement method. Indeed, any fluorine
desorption which could be due to the Abombardment used
for the analysis has not occurred during the measurement.
Furthermore, Mg and F ratio is in good agreement with the
MgF, bulk stoichiometry. Finally, the very low level of oxy-
gen confirms the lack of water in the films. The other
samples exhibit the same kind of composition depth profilesfic. 3. Cross-sectional TEM micrographs obtained, respectively(apn
In Table II, the average atomic concentrations of the filmssample B, (b) sample R, and(c) sample R.
are summarized for all the samples, including also data on
contaminant levels. As not expected, these results indicate
that, whatever the sample and deposition conditions, all theient dispersion curves as presented in Fig. 5. Contrary to the
coatings exhibit a very good stoichiometry, within the ex-compositional results, a very pronounced change in the opti-
perimental error(F/Mg=2.00+0.05. Moreover, very low cal properties is observed from one sample to another. From
levels of contamination in carbon and oxygen are measureR, to R,, the absorption clearly decreases especially in the
in the layers, generally lower than 2% and 1%, respectivelyDUV part of the spectral region. Moreover, the absorbing
We note, in particular, that sample Bxhibits slightly higher  coatings exhibit a characteristic absorption peak located at
C and O concentration levels, due to a higher initial base.=260nm. This feature is typical of color centers as fre-
pressure 10 " mbar) before deposition. quently reported in literature for MgFerystalst® In order to

Finally, the optical properties of the samples have beerheck the stability of the absorption observed on the different
investigated. We focused our work on the extinction coeffi-layers, some of them have been submitted to annealings.
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Sputter time (min) Fic. 5. K spectra of as-deposited samples deduced from spectrophotometric
measurements.

Fic. 4. Atomic concentration depth profiles of the sampleaBmeasured by
XPS.

concerned. There is, apparently, a contradiction between the
Both UV and thermal annealings have been performed. Figstrong evolution of thé-dispersion curves from one sample
ure 6 describes the evolution of thespectrum of the R 0 another and the unchanged stoichiometry of the films.
sample after a first UV annealing dugi2 h under a Hg lamp Moreover, the fact that all the films exhibit a good stoichi-
followed by different thermal annealings at different tem- Ometry with F/Mg equal to 2 is quite unusual, since most of
peratures. After the first UV treatment, the main absorptiorfhe investigations made by different authors on fluorides de-
peak tends to split into two different absorption peaks apPosited by sputtering, state that the fluorine to metal ratio is
proximately centered at 225 and 300 nm. Then, subsequeh?twer than the ideal one with an absolute decrease of the
thermal annealings promote the increase of the 300 nm cef@tio frequently in the range of 0.1 to —0.5. For instance,
tered peak at the expense of the 225 nm centered peak. Neii- @ previous study we made on IBS Yfwe found, under
ertheless, in the DUV spectral part, the overall absorptiofionreactive deposition conditions, a F/Y ratio of 2.3 instead
remains very high, even after annealings up to 350 °C. Deof 3. The same trend was observed by other authors on IBS
creasing the absorption significantly requires temperatures d49F> coatings since they measured F to Mg ratio as low as
high as 400°C. On the contrary, the behavior of the othet-6° Finally, on Mgk fims deposited by cathodic
samples deposited in reactive deposition conditions is vergPuttering; Martinu, Biedermann, and Holland reported
different. As illustrated by sample,RFig. 7), whatever the F/Mg in the range of only 1, or even less.
annealing mode, thermally or UV activated, a drastic de- It is then necessary to check our results by closely ana-
crease of the absorption is observed. The low temperatuf¥Zing the experimental data, in particular tk@\) spectra.
thermal treatment =100°C) makes the absorption de- The specific shape of the(A) curves suggests the presence
crease but its effect saturates. A Subsequent short UV anne@t color centers in the ﬁlmS, which means fluorine VacanCieS,
ing has, however, a strong effect leading to the complet€ach one being occupied by one or more electrons. In the
drop of the absorption band. That means that samples depo@ast, extensive research activities were focused on the cre-
ited in reactive conditions are easily curable. ation of color centers in Mgfcrystals:®~*? From this work,

we know that many kinds of color centers can be generated

IV. DISCUSSION
The first noticeable result of this study is that the proper- o7

ties of the films drastically change with the deposition con- —Ro as deposited
. L. . . . 0.06 - ; y —UV—annealed.‘Zhours
ditions. This is particularly true for the mechanical and opti- A thermal anncaling : 300C / 4 hours
. . . .. . . s [ ; - —— thermal annealing : 350C /4 hours
cal properties. Though this result is not surprising, this is, = 005 | 7\ - -~ thermal annealing : 400C / 4 hours
. . ) ! v L
however, not the case as far as the chemical composition i g , thermal annealing : 400C/ 12 hours
S 004 -
=1
“
=
. . 0.03
TaBLE Il. Average layer atomic concentratiofis percentageof C, O, F, % ;
and Mg in the layer as measured by XPS for all the samples. g 002 L
Ro Ry R, Rs R4 0.01
C (%) 1.4 1.4 12 17 1.4 oL ‘ ‘ -
O (%) 0.7 0.4 0.3 0.8 0.4 200 300 400 500 600 700 800
F (%) 64.3 64.6 65.0 64.2 65.0 wavelength (nm)
Mg (%) 321 325 321 319 323
F/IMg 2.0 2.0 2.0 2.0 2.0 Fic. 6. K-spectrum evolution of theonreactivelydeposited sample fafter

various post-treatments.
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Fic. 7. K-spectrum evolution of aeactivelydeposited sample after various -
post-treatments: example of sample R 8000 |
- - 000 |
in MgF, crystals, the most frequent ones being the F center I
which induces an absorption peak centered at
=250-260nm and the M center located\at 370 nm. In
. . . 0
order to clearly elucidate the kind of centers which are re- ; s 3 .

sponsible for the absorption we found in our film, we have Energy (eV)

tried to fit our experimental curves using the model devel-

oped, for instance, by Dexté?According to this model. itis F'e- 8. Experimental absorption spectra and corresponding Gaussian fitting
N ’ ) ! curves(solid ling) for three different samples.

possible to calculate the color center concentration from the

a(E) curve, wherex is the absorption coefficient related to

the extinction coefficient by the well known relation

=47k/IN andE is the energyf E(eV)=1.24A(um)]. If we

assume a Gaussian dispersiora¢E), the color center con-

centrationN is given by the Smakula formula

that for as-deposited films the absorption peak is centered at
an energy between 5.15 and 5.4 eV, which means araund
=235nm. Even if this value is slightly lower than the wave-
length of 260 nm generally reported for the F center in MgF
N(cm 3)=0.87x10'[n/(n?+2)?]-f1- ay- U, crystals, there is no doubt that the absorption of our films is
dominated by F-center absorpti¢one electron trapped on a
fluorine sitg. In fact, as illustrated by Fig. 9, the centering
wavelength of the absorption peak is found to shift, after
annealing, to higher wavelengths, up to 253 @n4.9 e\j.

The reason for this shift could be the decrease of the absorp-
tion near the band edg& 6 eV) and the narrowing of the
band tails in the energy band gap leading to a reduced dis-
tortion of thea (N\) curve. Further optical investigations in
the vacuum ultraviolefVUV) spectral range down ta

=a0EXP[—(E—E0)2/W§]. W, is a fit parameter which is : : :
, a | ' =120 nm would be required to check this assumption. Fur-
related toU by the relationU=2(In 2)"Wo. The fit has thermore, as indicated in Table I, the half width of the

been particularly optimized in the DUV and UV regions of absorption bandU) was found to be in the range 2.5-3.2
the spectra. Whatever the sample, we found that it was pose-v Compared to data reported by Sibley and Fitéyr
sible to reasonably fit the absorption curve with only one " P b y y

) S I . ~MgF, crystals with values of 0.806 eV at=300K, our
Gaussian which indicates the contribution of only one kmdvalues are rather high. We have then a broadening of the

of color center. Figure 8 gives some examples of . .
9 9 P absorption band related to the polycrystalline nature of our

experiment-theory comparison and Table Il indicates the\films which, moreover, tends to decrease with the reactive
different fit parameters. The agreement between measure- ' ’

. . : . conditions when the film structure is less disordered.
ment and theory is rather good. We just note, in particular for
As a consequence of the presence of F centers, there are

Ro, a slight discrepancy in the left side of the peak, near 6quorine vacancies in the films, whose concentrafigncan
eV. This could result from a displacement of the fundamen- '

. ) . be calculated using the Smakula’s formula. Moreover, if we
tal absorption edge towards lower energies due to disorder in~ ™ ) . .

! ; .consider that these fluorine vacancies correspond to fluorine
the coating crystallographic structure as often observed i

. : : atoms missing in the material, it would normally induce a
amorphous or small polycrystallized materials. It is knowndeviation from stoichiometnA(F/Mg) which can be calcu-
indeed that disorder can induce new electronic states in th%ted by the following ex ression'g

electronic band gap, which forms so-called band tails, thak y 9 exp '

way reducing the optical band gap. From Table Ill, we see A(F/Mg)=—Ny/Nyq,

wheren is the refractive index of the material at the center-
ing wavelength of the absorption peakjs the oscillator
strength of the color centey is the absorption coefficient
at the peak, and) is the half-width of the band. Near the
absorption peak and at its maximum, we takequal to 1.41
and it is usual to assumfe~1.14

In the case of our IBS films, we fitted their absorption
spectraa(E) with a Gaussian whose equation s E)

J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov /Dec 2000
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TasLE lll. Fit parameters for the absorption curves and deduced concentrations of F-vacancies and F/Mg ratio

deviations.
g Wy Eo U N, A(F/IMg)
Sample (cm™Y) (eV) (eV) (eV) (X10P°cm9) (x10°%)
Ry 25950 1.84 5.15 3 6 -19
R 9860 1.92 5.4 3.2 2.4 -8
R, 4670 1.76 5.35 2.93 1.05 -3
8 H-annealed R 2800 1.58 5.05 2.6 0.56 -2
40 H-annealed R 1920 1.48 4.9 2.46 0.36 -1
R3 1370 1.73 5.27 2.88 0.30 -1
R4 450 1.48 5.2 2.46 0.085 -0.3

whereNy andNy, are the concentration of F vacancies andtion conditions(ii) an easily curable absorption for samples
Mg atoms, respectively. We havNMg(cm‘3)= pNa/M, deposited in reactive conditions. Moreover, in this second
with p being the mass densit®, 17 gcm®), N, Avogadro  case, the temperature needed for a modification of the ab-
number, andM the molar mass of Mgf The results are sorption is particularly low: 100 °C corresponding to an en-
reported in Table Ill. The data clearly evidence that the conergy of 0.03 eV. Catlow, James, and Nordetiave reported
centration of fluorine vacancies is low enough not to notice-on the energies of activation for different diffusion mecha-
ably affect the F to Mg ratio sincA(F/Mg) remains lower nisms in Mgk crystals. Their calculations state that the rutile
than 0.02. This value is far lower than the experimental errocrystallographic structure of MgFas a noncompact struc-
of £0.05 achieved by XPS, which means that such fluoringure, offers diffusion paths which require low energy of ac-
deficiency is not detectable by XPS. We can conclude thativation. Thus, as far as fluorine vacancies are concerned,
the experimental composition results are not in contradictioamong the different available transitions, the easiest diffu-
with the optical measurements. sion mechanism corresponds to the transition path denoted
The second noticeable result of this study concerns thev; (as illustrated on Fig. DOwhich requires an energy of
typical behavior of the coatings after thermal or UV treat-activation of only 0.03 eV. The other mechanisms consume
ments. Two opposite behaviors have been found which cahigher energies, 0.31 and 1.53 eV far, and w, jumps,
be summed up as followsi) a nonreversible optical absorp- respectively. Our results seem then to be consistent with the
tion for the IBS films when deposited in nonreactive deposi-ws low energy mechanism. Nevertheless, since after anneal-
ing we observe a clear decrease of the absorption band, that
is to say, a decrease of the F-center concentrdtiea Table

5000 IIl), a recombination mechanism must occur in the material.
I Such a recombination which results from interactions be-
tween an electron, a F vacancy, and a fluorine atom, implies
i having some free fluorine in the material. This fluorine could
4000 | come from F atoms positioned in interstitial sites and/or at
I grain boundaries. During the first low temperature anneal-
ings, the recombination at the grain boundaries by step by
3000 Eo=505eV
£
2
o] L
2000 + Eo =4.90 eV
1000 +
° as deposited
o annealed 100C/ 8H
° annealed 100C / 40H
0

7 5 3 1 Q
Energy (eV) F OMg

Fic. 9. Evolution of the experimental absorption spectra and their correFic. 10. F-vacancies diffusion paths in Mgrystal (from Ref. 15. Thec
sponding Gaussian fitting curvésolid line) after various thermal anneal- axis is vertical and the energies of activation are 0.31 e\){ 1.53 eV
ings: example of sample,R (wy), and 0.03 eV \3).
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step migration of F vacancies towards the grain surface itow. Microstructure differences between the samples, de-
probably the dominant mechanism. Such a mechanismpending on the deposition conditions, have been evidenced:
would be, indeed, less energy consuming since it does ndhe samples deposited in reactive conditions exhibit regular
require supplementary energy for F migration from intersti-columnar microstructuresslightly (110 textured, whereas
tial to F sites. Nevertheless, the necessity of using UVihe sample deposited in nonreactive conditions exhibits a
activated annealing afterwards to completely bleach the manore irregular and randomly orientated microstructure.
terial pleads in favor of a second mechanism asMoreover, the results show that the improvement of the op-
recombinations between F color centers and interstitial F attical properties is connected with a change of the mechanical
oms. The Hg-UV lamp exhibits indeed a strong ray emittingstress in the films from tensile to more and more compres-
at E~5 eV, which corresponds to the energy required tosive.
suppress an anion-Frenkel-pair defecturthermore, the The origin of the residual absorption has been identified
fact that the films deposited under reactive conditions exhibiais due to F centers in the material. On the basis of a simple
compressive stresses tends to prove that some supplementaontor center model, the concentration of these centers has
fluorine could lie in the material at wrong positions. The been calculated and found to be very low. Such a result
annealing of the films by replacing the F atoms in the rightemphasizes the particularly high sensitivity of MdHms to
positions would then induce a mechanical relaxation of thdluorine vacancies, as far as optical absorption is concerned.
coatings, which has not been proved yet. Moreover, the reactive deposition conditions, by greatly im-
Concerning now the Rsample, the various annealings proving the arrangement of the structure of the films, seem to
only affected the shape of the absorption curve. Such aake the optical recovery of the films easier provided that
change looks quite similar to the photothermal conversiorwe assume free atomic fluorine to be available. On the con-
effects reported by Baryshnikoet all? observed on an- trary, the disturbed structure of films deposited in nonreac-
nealed Mgk crystals which they had previously made fluo- tive deposition conditions by promoting the high stability of
rine deficient by electron beam irradiations. Among the dif-the strong optical absorption could explain the fact that these
ferent absorption bands which arose in the absorptiofilms are not curable.
spectrum after successive annealings, they identified a band
at A\=300nm whoge origin is unfortl_mately nqt cIea.r. OurACKNOWLEDGMENTS
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