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Magnesium fluoride is an ultraviolet (UV) transparent material which is widely used in optical

applications over a wide wavelength range. We have developed a novel atomic layer deposition
(ALD) process for depositing magnesium fluoride thin films for the first time. MgF, films were
grown at 250-400 °C using Mg(thd), and TiF, as precursors. The crystallinity, morphology,
composition, thicknesses and refractive indices of the films were analyzed by X-ray diffraction/
reflection (XRD/XRR), transmission electron microscopy (TEM), atomic force microscopy
(AFM), field emission scanning electron microscopy (FESEM), time-of-flight elastic recoil
detection analysis (TOF-ERDA), and UV-vis spectrophotometry. Electrical properties were also
measured. The growth rate was temperature dependent decreasing from 1.6 A cycle " at 250 °C to
0.7 A cycle ! at 400 °C. The films were polycrystalline at 250-400 °C. The refractive indices were
between 1.34-1.42 and the permittivity 4.9. The impurity levels were below 0.6 at.% in the films

deposited at 350-400 °C.

Introduction

The push for higher density semiconductor devices requires
smaller circuit features.! These can only be obtained by
reducing the wavelength in the photolithographic process used
to create the circuits. Line widths decrease in proportion to the
wavelength of the light used in exposing the features. Optical
components and their coatings are being forced to operate at
wavelengths in the deep ultraviolet (UV) region. UV materials
have applications also in fluorescence diagnostics, high energy
astronomy and physics, and gas species detection, to name a
few. Highly damage-resistant dielectric optical coatings are
also essential for high output UV lasers.

Magnesium fluoride thin film is a promising UV transparent
material like other large band gap fluorides (e.g. LaF3) and
oxides (e.g. Al,O3). Bulk MgF, is a large band gap (about
12.8 eV) material having the rutile crystal structure.” It is also
hard, has good stability in hostile environments and a low
refractive index of 1.38.> MgF, thin films are suited for deep
UV laser optics because no intrinsic material properties have
been identified which might limit the laser durability of MgF,
thin films at low fluences.* It has also been reported that
dielectric losses of MgF, at microwave frequencies are among
the lowest of all materials.’
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MgF, has been used as a low refractive index material
together with a higher refractive index material such as TiO,,°
Sc,05,7 Ce0,.8 ALO;> ' or LaF;"''* in optical multilayer
structures. These multilayers have been used for a variety of
optical applications, e.g. as highly radiation resistant high-
reflecting coatings for UV lasers. MgF, thin films have also
been applied in multilayers with conducting materials, e.g.
with Ag'>'® for flat panel displays and electromagnetic
shielding, and with indium tin oxide (ITO) for solar cells."”
MgF, film has also been used as a buffer layer for Pd in
hydrogen sensors.?

MgF, is also widely used for enhancing the reflectance of
aluminium mirrors in the vacuum UV region.>' 2 It is well
known that aluminium oxidizes easily. To avoid the oxidation,
aluminium has to be covered with a protective film. However,
the cover layer can decrease dramatically the reflectance of Al,
especially in the deep UV range. MgF, film would be an ideal
solution to this, because MgF, is UV transparent with a low
absorption coefficient. MgF,-protected aluminium films have
been used in free-electron lasers, spectroscopy, and astro-
physics.27 Multilayer coatings of SiC,B,C/MgF, on Al were
reported to have a high reflectance in the deep UV spectral
range from 121.6 nm even down to 50 nm.?®

Mainly physical vapor deposition (PVD) methods have been
applied for fabricating MgF, thin films, e.g. thermal evapora-
tion,”” > electron beam evaporation (EBE)*!>2!.36-38
molecular beam deposition (MBD),* ion beam sputtering
(IBS),*'*7-3 RF-magnetron sputtering,*® ion beam assisted
deposition (IBAD),*' and plasma ion assisted deposition
(PIAD).'8342 The main limitation of evaporated MgF, films
has been that they are porous with low packing densities.!
The film structure is columnar and the intercolumnar voids
take up water vapor. The result is an optically unstable layer
with properties that are dependent on the degree of water
absorption. However, the properties of MgF, films may be

This journal is © The Royal Society of Chemistry 2007

J. Mater. Chem., 2007, 17, 5077-5083 | 5077



improved by Ar" ion bombardment: the transmittance is
increased due to both a cleaning effect and a densification of
the film structure.*® The last effect could be a change from low
packing densities to dense layers. Thermal annealing can also
improve transmittance,” but annealing was reported to
increase the amount of MgO in MgF, films.** Another
problem in PVD methods is how to control the exact thickness
of MgF, layers in multilayers.®

Chemical vapor deposition (CVD) of fluoride thin films has
not been adopted widely so far due to difficulties in handling
the fluorine precursors, namely hazardous HF or F, gas.** A
few CVD processes have been reported for depositing MgF,
films,**7 but the films suffer from low quality. Atomic layer
deposition (ALD) belongs to the CVD methods and is
becoming increasingly popular especially in microelectronic
applications.*® Controlling the layer thickness is very easy in
ALD because the film is grown through alternate saturative
surface reactions. Other benefits of ALD, besides the precise
thickness accuracy, are uniformity, excellent step coverage,
and high reproducibility.*” ALD would be an ideal solution to,
e.g. optical multilayers, where exact thickness and uniformity
of layers are essential.

Deposition of fluoride thin films with ALD has been
difficult, mainly because of a lack of a good fluorine precursor.
In the first fluoride ALD studies HF, obtained by thermally
decomposing NH4F, was used to deposit CaF,, ZnF,, and
SrF,.>® However, HF is an aggressive chemical which for
example etches glass and is therefore not ideal for ALD.
Recently we successfully used TiF; as a novel fluoride
precursor for depositing CaF, thin films.>' TiF, is a solid at
room temperature and can thus be safely handled and removed
from the reactor exhaust gases. In this paper, similar chemistry
is studied for MgF, films. The metal precursor is Mg(thd),
(thd =bis(2,2,6,6-tetramethyl-3,5-heptanedionato) = C; H;90,)
which has been used earlier in ALD>*** and CVD* of MgO.

Experimental
Synthesis and characterization of Mg(thd),

Mg(thd), was synthesized using two different methods. 'H and
13C NMR spectra were recorded in a Varian Gemini 2000
instrument at ambient temperature. Chemical shifts were
referenced to SiMe, and are given in ppm. The mass spectrum
was recorded with a JEOL JMS-SX102 operating in electron
impact mode (70 eV) using a direct insertion probe and
sublimation temperature range of 50-200 °C.

Method 1. All manipulations were done under exclusion of
air and moisture using Schlenk techniques. Toluene was dried
over 4 A molecular sieves and deoxygenated with argon.
256 ml 1 M MgBu, solution in heptane (Aldrich) was
dissolved in 50 ml dry toluene. During stirring 9.43 g Hthd
was added to this solution. After stirring for 15 minutes
solvents were evaporated under vacuum. The residue was dried
under vacuum for 2 hours. The product was a clear or white
glasslike material. Yield: 9.72 g (97.2%). Mp 122-126 °C. 'H
NMR (CDCly) 6 1.09 (36H, m, CHj), 5.65 (2H, s, CH).
BC{"H} NMR 28.27 (CHj,), 28.42 (CHj), 28.83 (CHj), 40.96
(C(CH3y)), 91.80 (CH), 201.43 (CO). MS (EI, 70 eV) m/z 780

[Mgs(thd),]", 597 [Mgs(thd)s]", 390 [Mg(thd),]", 375
[Mg(thd), — Me]", 333 [Mg(thd), — /Bu]*, 207 [Mg(thd)]".

Method 2. Synthesis was done using the method of
Schwarberg ef al.>® where Na(thd) and MgSOy, are reacted in
EtOH-H,0 solution. After synthesis, the crude product was
dried under vacuum and purified by sublimation at approxi-
mately 120 °C, 0.2 mbar. Sublimation resulted in a clear or
white glasslike material. The yield after sublimation was
40-71%. The analysis results were identical with those
observed for the product from method 1 and also with results
reported earlier for structurally characterized Mgy(thd),.>

Film deposition

The films were grown in a hot-wall flow-type F120 ALD
reactor (ASM-Microchemistry Ltd., Helsinki, Finland). All
films were deposited at a temperature range of 250-400 °C.
The pressure in the reactor was about 10 mbar. MgF, thin
films were deposited mainly on 5 x 5 cm? Si(100) and Si(111)
with native SiO,. Other substrates were 5 x 5 cm? borosilicate
glass, ITO film on glass, and 2.5 x 5 cm? quartz. Mg(thd), was
evaporated from an open glass crucible at 125 °C and TiF,
(Strem Chemicals Inc.) at 145 °C inside the reactor. Mg(thd),
and TiF, pulse times varied from 0.5 to 4 s and 0.5 to 2 s,
respectively. Nitrogen (>99.999% NITROX UHPN 3000
nitrogen generator) was used as carrier and purging gas.
Nitrogen purges (0.5-1.0 s) were used after both precursor
pulses to separate the precursors in the gas phase and to
remove the excess reactants and gaseous reaction byproducts.

Film characterization

Adhesion of the films was tested with a tape test. Thicknesses
and refractive indices of the MgF, thin films were determined
from optical reflection or transmission spectra obtained with a
Hitachi U2000 spectrophotometer in the wavelength range of
190-1100 nm. A fitting program developed and described
by Ylilammi and Ranta-aho®® was used in analyzing the
spectra. The error in the film thickness measurements was
estimated to be +5%. Other transmission spectra were
obtained with a Lambda850 spectrometer in the wavelength
range of 140-800 nm.

Film thicknesses, densities and crystalline structures were
evaluated from X-ray reflection (XRR) and grazing incidence
X-ray diffraction (GI-XRD) patterns measured with a
PANalytical X’pert Pro MPD X-ray diffractometer. Film
thicknesses were analyzed by XRR only for the thinnest
films up to 38 nm; otherwise, they were measured by UV-vis
spectroscopy.

Film crystalline structure and morphology were studied with
transmission electron microscopy (TEM) and scanning elec-
tron microscopy (SEM). For TEM studies a JEOL JEM 3010
was used operated at 300 kV, with a point-to-point resolution
of 0.21 nm. TEM cross-sectional sample preparation was
carried out using standard techniques including mechanical
polishing and Ar ion thinning. For SEM studies a Hitachi
S4800 FESEM instrument was used. Before the SEM analysis,
the samples were sputter-coated with a thin Pd-Pt alloy
(Cressington 208HR Sputter Coater).
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Film surface roughness was also studied with atomic force
microscopy (AFM) using a Veeco Instrument Nanoscope V.
Samples were measured in tapping mode in air using a
phosphorus doped silicon probe (RTESP) delivered by Veeco
Instrument with a scanning frequency of 0.5 Hz. Several
scans were performed from different parts of the samples to
check the uniformity of the surface. Roughness values were
calculated as root-mean-square values (Ry) from the final
images that were measured from a scanning area of 2 x 2 um?>.
No image processing except flattening was performed.

Composition and impurity levels of the films were analyzed
by time-of-flight elastic recoil detection analysis (TOF-ERDA)
using a 24 MeV ?’I°* projectile ion beam.’’

Electrical properties of the films were measured from
Al/MgF,/ITO capacitor structures on glass. These were
prepared by depositing approximately 100 nm thick Al top
electrode dots with an area of 2.04 x 10”7 m? on the top of the
MgF, film by e-beam evaporation through a shadow mask.
Permittivities of the films were measured using a HP 4284A
precision LCR-meter at 10 kHz. A Keithley 2400 SourceMeter
was used to measure leakage current densities. All electrical
properties were measured at room temperature.

Results and discussion
Precursor synthesis

For comparison two different methods were employed to
synthesize Mg(thd),: 1) reaction between MgBu, and Hthd in
toluene, and 2) the method of Schwarberg er al>® where
Na(thd) and MgSO, are reacted in EtOH-H,O solution. In
method 2 the product needs to be isolated and purified by
sublimation while method 1 conducted under dry toluene
produces the volatile byproduct butane and gives pure
Mg(thd), straight from the synthesis. Analysis and thin film
growth experiments proved that the methods produce identical
Mg(thd),. The yield of method 2 after sublimation was always
less than 71% while method 1 gave yields close to 100%.
MgBu, used in method 1 is readily available as a solution from
chemical suppliers. To conclude, method 1 is preferred because
it is a fast and very efficient room temperature method with
good yields.

Film growth

MgF, growth characteristics were studied by depositing films
on silicon between 250 and 400 °C. Self-limitation of the ALD
process was studied at 250 °C by varying the Mg(thd), pulse
length (Fig. 1). In these experiments both TiF, pulse and purge
times were 1.0 s. A growth rate of about 1.6 A cycle™' was
achieved after 3.0 s Mg(thd), pulse. At first, this 3.0 s pulse
time seems long compared to many other ALD processes in the
same reactor, but it is similar to the CaF, ALD process, where
the Ca(thd), pulse length needed for saturation was 2.5s.>! As
seen in Fig. 1 the growth rate does not fully saturate with
reasonable pulse lengths. Mg(thd), was reported not to
decompose at 250 °C,> so there seems to be another reason
for the incomplete saturation, e.g., a slow half-reaction. It is
also possible that TiF, surface species catalyze Mg(thd),
decomposition in some way.

MgF, growth rate (A/cycle)

0.0 T T T T
0 1 2 3 4 5

Mg(thd), pulse length (s)

Fig. 1 Growth rate of MgF, films on silicon as a function of
Mg(thd), pulse length at 250 °C. TiF, pulse and purge times were 1.0 s.

A theoretical maximum growth rate in ALD is one
monolayer cycle ' but this high rate is rarely observed because
of steric hindrances of precursors.>® The monolayer thickness
of MgF, is 1.53 A as calculated from the crystal structure
and lattice parameters (tetragonal MgF, ¢ = 4.62 A and ¢ =
3.05 A).? The obtained growth rate of 1.6 A cycle™! equals
about one monolayer of MgF, but is uncommonly high for a
thermal ALD process.”® One explanation for this high growth
rate can be found from the unique growth mechanism. As a net
reaction the following ligand exchange is suggested:

2Mg(thd)x(g) + TiF4(g) — 2MgFx(s) + Ti(thd)u(g) (1)

The reaction of Mg(thd), and TiF, results in a solid MgF,
deposit, volatile Ti(thd), and possibly other volatile bypro-
ducts such as TiF (thd);_,. In ALD the overall reaction is
divided into two steps occurring during the two pulses. Similar
to our previous CaF» ALD process,’' the mechanism shown in
Fig. 2 is suggested. The reaction scheme starts with a Mg(thd),
pulse (Fig. 2a). The preceding TiF,; pulse has left TiF,
adsorbed on the surface of previously deposited MgF,. The
incoming Mg(thd), first reacts with TiF, forming solid MgF,
and volatile Ti(thd),. After Mg(thd), has consumed all TiF, on
the surface, Mg(thd), still adsorbs on top of the freshly formed
solid MgF, and the surface becomes covered by adsorbed
Mg(thd),. Then during the TiF, pulse (Fig. 2b), TiF, reacts

Mg(thd), pulse

Mg(thd Mg(thd
g(thd), (9) Tithd), (9) 9(\)2(9)
Mg(thd), Mg(thd), (a)
TiF, TiF, MgF, (s) MgF, (s)
MgF; (s) MgF, (s) MgF, (s)
TiF, pulse
/ \‘ TiF,  TiF,
Mg(thd), Mg(thd), MgF, (s) MgF, (s)
MgF (s) MgF (s) MgF (s) (b)
MgF; (s) MgF; (s) MgF; (s)

Fig. 2 Suggested reaction mechanism in MgF, ALD during (a)
Mg(thd), pulse, and (b) TiF,4 pulse. N, purges are always applied after
each precursor pulses. MgF, is formed in both half reactions.
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Fig. 3 Growth rate of MgF, films on silicon as a function of TiF,
pulse length at 250 °C. Mg(thd), pulse time was 3.0 s and purge time
0.5 s.

with Mg(thd),, and volatile Ti(thd), and solid MgF, are
formed. Once TiF, has reacted with all Mg(thd), on the
surface, TiF, adsorbates are formed on top of the deposited
solid MgF,. This leads back to the start of the scheme (Fig. 2a).
In summary, MgF, is formed in both half reactions during
one ALD cycle. Such a mechanism could explain the high
1.6 A cycle™! growth rate of the MgF, film. An interesting
question is how completely Ti atoms and the thd ligands can
be removed from the film. This is related directly to the
impurity levels and the transparency of the film, which we will
see later on.

Fig. 3 depicts the MgF, growth rate as a function of the
TiF, pulse length at 250 °C. The Mg(thd), pulse length was
3.0 s. Saturation of the growth rate was achieved already after
0.5 s pulse time of the anion source TiF,;. Upon doubling the
purge time from 0.5 s to 1.0 s, the growth rate decreased only
slightly from 1.6 to 1.5 A cycle™ !, and therefore 0.5 s purge
times were considered sufficient.

Thicknesses of the MgF, films are illustrated in Fig. 4 as a
function of the number of deposition cycles. MgF, film
thickness depends almost linearly on the number of deposition
cycles, which is characteristic for ALD. Linear growth rate was
about 1.6 A cycle ..

The dependence of the growth rate on the deposition
temperature is shown in Fig. 5. The maximum growth rate of
1.6 A cycle™! was achieved at 250 °C. The growth rate
decreased quite rapidly with increasing deposition tempera-
ture. Anyhow, the growth rate was still 1.3 A cycle ! at 300 °C,
but 0.8 A cycle”! at 350 °C, and 0.7 A cycle™' at 400 °C.

350
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Fig. 4 Film thickness vs. number of deposition ALD cycles at 250 °C.
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Fig. 5 Growth rate of MgF, films on silicon as a function of
deposition temperature. Mg(thd), pulse length was 3.0 s whereas TiF,
pulse and purge times were 0.5 s.

Decreasing growth rate with increasing deposition temperature
was also observed earlier in the CaF, ALD processes from
Ca(thd), + TiF4,%' and Ca(thd), + HF.%

Film properties

All the films passed the tape adhesion test. The films were poly-
crystalline magnesium fluoride as determined by GI-XRD.
Fig. 6 shows the diffraction patterns obtained from MgF, thin
films grown at 250-400 °C. The film deposited at 250 °C
showed (110), (210), (211), and (220) reflections. In addition,
the film deposited at 400 °C showed (101), (111) and (002)
reflections. Crystallinity of the films increased with the deposi-
tion temperature as expected. These results are in good agree-
ment with Atanassov et al.>® who reported that crystallization
of MgF, thin films begins at temperatures above 250 °C.
Cross-sectional TEM images of a MgF, thin film deposited
at 250 °C (Fig. 7) support the XRD results on crystallization of
the film already at the lowest deposition temperature studied.
The dark field image with the diffraction pattern inserted
shows the columnar structure of the layer (Fig. 7a) and the
columns consisting of grains with a range of preferred
orientations (arcs in the diffraction pattern). In the diffraction
pattern sharp reflections correspond to the Si substrate and
arcs to the MgF; layer. A high resolution TEM image from the
interface region (Fig. 7b) reveals random distribution of the

MgF /SiO,/Si

(1),

3
S
>
g 119 nm A . J___A l 350 °C
£ p27om b A 300°C
163nm 250 °C
20 30 40 50 60
26 (°)

Fig. 6 GI-XRD patterns of MgF, thin films grown on Si(100) at
temperatures between 250 and 400 °C.
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Fig. 7 Cross-sectional dark field TEM image (a) and high resolution
TEM image from the interface region (b) (marked by white rectangle in
(a)) of a MgF, thin film deposited at 250 °C. The insert in (a) is an
electron diffraction pattern while that in (b) is a FFT pattern of the
image.

small crystalline grains in the initial stage of the growth (see
the fast Fourier transform (FFT) inserted in Fig. 7b).

The morphology of the films was analyzed from the SEM
images (Fig. 8 and 9). Only small grains were formed at 250 °C
(Fig. 8a) but larger grains were grown at higher temperatures
(Fig. 8b, ¢, and d). Cross-sectional SEM images of MgF, films
on silicon are shown in Fig. 9. A columnar structure can be
seen in films deposited at 250 °C and 350 °C. The columnar
structure is clearer in the film deposited at 350 °C; obviously
this film is also rougher than the film deposited at 250 °C.
Evaporated MgF, films were reported to have columnar
structures on silicon®® and amorphous substrates.” In
contrast, our earlier experiments showed that ALD CaF,
grew granularly on silicon at 300 °C.%!

Densities of the films deposited at 250-400 °C were
2.4-2.7 g em * as measured by XRR. The density increased
with growth temperature, and was in good agreement with the
values reported for evaporated MgF, films,®! but remained
lower than the tetragonal MgF, bulk density of 3.15 g cm 2.2

Fig. 8 SEM images of MgF, thin films on silicon. Deposition
temperatures and thicknesses of the films were (a) 250 °C, 163 nm,
(b) 300 °C, 127 nm, (c) 350 °C, 119 nm, and (d) 400 °C, 147 nm.

Fig. 9 Cross-section SEM images of MgF,/SiO,/Si. Deposition
temperatures and thicknesses of the films were (a) 250 °C, 170 nm,
and (b) 350 °C, 200 nm.

Due to impurities in the films, the density can be lower than
the bulk value. Roughnesses of the films deposited at 250 °C
were 0.8-0.9 nm for 8.0, 14.6 and 24.2 nm thick MgF, films as
measured by XRR.

The surface roughness of MgF, films on silicon was also
measured by AFM (Table 1) from thicker films. As expected,
the roughness (nm) increased with increasing deposition
temperature: 3.3 at 250 °C, 5.8 at 300 °C, 6.3 at 350 °C, and
remarkably 23.0 at 400 °C. This increased film roughness
can also be seen in Fig. 8 and 9. The increased roughness
and consequent light scattering make the films grown at the
highest deposition temperature poor candidate for optical
applications.

Film compositions were determined by TOF-ERDA
(Table 2). UV optics materials like MgF, must have very
low levels of transition metal impurities or other elements that
absorb in the UV range. It was reported that the impurity
contents must be below 0.5% and in some cases below 0.1% by
weight.! The reported contents (Table 2) are averages found in
the bulk of the films excluding the surface and interface
regions. The films were fluorine rich at lower temperatures:
the F : Mg ratio was 2.2 at 250 °C, 2.1 at 300 °C, and 2.0 at
350400 °C. The total impurity contents (at.%) in the films
decreased with increasing deposition temperature: 19.6 at
250 °C, 5.6 at 300 °C, 0.6 at 350 °C, and only 0.3 at 400 °C. Tt is
unfortunate, however, that the highest purity is combined with

Table 1 Surface roughness of MgF, films on Si as measured by AFM

Growth temperature/°C Thickness/nm Roughness/nm
250 163 33
300 127 5.8
350 102 6.3
400 147 23.0

Table 2 Composition (at.%) of MgF, thin films deposited at different
temperatures as measured by TOF-ERDA

250 °C 300 °C 350 °C 400 °C
F 55.5 64.0 66.7 66.2
Mg 24.9 30.7 32.7 33.5
O 4.3 1.0 0.3 0.1
Ti 2.8 1.4 0.2 <0.1
C 4.1 1.0 <0.1 0.1
N <0.1 <0.1 <0.1 <0.1
H 8.4 1.9 <0.1 <0.1
B <0.1 <0.1 0 <0.1
F: Mg 2.2 2.1 2.0 2.0
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the highest roughness (Table 1). These low impurity levels
indicate that the suggested ligand exchange reaction (1) is
efficient and proceeds close to completion. Boron impurities
were also detected, and they most likely originate from the
borosilicate glass substrate. The impurity contents are lower
than detected in MgF, films deposited by evaporation and ion
beam sputtering methods, which both contained in total
2.0 at.% C and 0.%

Refractive indices were evaluated from reflection spectra
because most of the films were deposited onto silicon. Low
refractive indices were obtained and they decreased as a
function of deposition temperature: 1.42 at 250 °C, 1.38 at
300 °C, 1.37 at 350 °C, and 1.34 at 400 °C (4 = 580 nm). The
bulk refractive index is 1.378 (4 = 589 nm) for tetragonal
MgF,.* The 250 °C film has a refractive index higher than the
bulk which may be due to the impurities in the films, titanium
in particular. The low refractive index of the film deposited at
400 °C is typically a result of the porous microstructure,®
which is also seen in Fig. 8d, where the voids left between the
grains increase the porosity despite the increased grain size.

Fig. 10 shows transmission spectra of MgF, films grown on
quartz at 300 °C (dash and dot line) and 350 °C (dash line),
and a reference spectrum of bare quartz (solid line) in the
wavelength ranges of a) 140-230 nm, and b) 175-800 nm. Both
samples have higher transmission than the quartz substrate in
the high wavelength range of 500-800 nm (Fig. 10b). The
transmission drops below that of the quartz substrate at about

2

100

Transmittance (%)
~
o

20+
0_
140 160 180 200 220 240
Wavelength (nm)
100
95 T
9 /;-’—:T— qqqq
~ ld
o 90 T
e , quartz
g g51 "N/ o
= / ---350"C
5 s0- / —-—--300°C
c i
E 1 /
e!
70

100 200 300 400 500 600 700 800
Wavelength (nm)

Fig. 10 Transmission spectra of a quartz substrate and MgF, films
on quartz in wavelength range of (a) 140-230 nm, and (b) 175-800 nm.
Thickness of the MgF, film deposited at 300 °C was 146 nm, and at
350 °C it was 155 nm.

AIIMgF,/ITO
, Ay
1071 | woF,|®
10°4 | T

1074

Current density (A/cm?)

6 4 2 0 2 4 6
Electric field (MV/cm)

Fig. 11 Leakage current density vs. electric field curves of AI/MgF,/
ITO capacitors. Thickness of the MgF, film grown at 250 °C was
about 140 nm.

500 nm for the sample deposited at 300 °C. However, the
transmission of the sample deposited at 350 °C drops below
the quartz line only at 260 nm. Transmittance is still 92% at
260 nm and 86% at 180 nm and remains at this level down to
the absorption edge of the quartz substrate. The main reason
for the better transmittance of the 350 °C sample is apparently
the lower impurity content: 0.6 vs. 5.6 at.% (Table 2).
Nevertheless, although the impurity levels in the films were
low according to TOF-ERDA, they are not low enough for
really high transmission in vacuum UV. The MgF, film
deposited on borosilicate glass at 250 °C is hydrolytically
stable, because the transmittance stayed the same in the
wavelength range of 370-1100 nm after 12 months storage in
air (data not shown).

Electrical properties were measured for a ca. 140 nm thick
MgF, film in Al/MgF,/ITO capacitor structures. The average
permittivity obtained for the MgF, film grown at 250 °C was
4.9 at 10 kHz which is close to the reported value of 5.45
at 1 MHz.> The leakage current density of the film vs. electric
field is shown in Fig. 11. Catastrophic breakdown occurred
at electric fields of —5.8 and +4.4 MV cm ™. These are signifi-
cantly better than what was reported earlier, 0.2 MV cm ™! for
a 292 nm thick MgF, film deposited by thermal evaporation,®
and —0.3 and +0.4 MV cm™' for 200 nm ALD CaF,.”!
Before the breakdown, the leakage current density was below
107° Acm 2.

Conclusions

MgF, thin films were deposited for the first time by ALD at
250-400 °C. Mg(thd), and TiF,4 were used as precursors. The
films were polycrystalline and grew in a columnar fashion on
silicon. The film densities were 2.4-2.7 g cm™°, increasing
with the deposition temperature. Films with ideal stoichio-
metry and low impurity levels were obtained at 350-400 °C.
Unfortunately, the highest purity achieved at 400 °C is
accompanied by increased surface roughness. Refractive
indices were 1.34-1.42. Transmittances of 93% at 300 nm,
and 86% at 180 nm were obtained in the UV range with a film
deposited at 350 °C. Permittivity of the film deposited at 250 °C
was 4.9, and breakdown occurred at electric field values of
—5.8 and +4.4 MV cm™ !, in the AI/MgF»/ITO capacitors. In

5082 | J. Mater. Chem., 2007, 17, 5077-5083
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summary, the results clearly demonstrate that ALD is a
suitable method for deposition of quality MgF, thin films.
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