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Magnesium fluoride is one of the most important optical thin film materials due to the good light
transparency down to the vacuum ultraviolet (UV) range. A novel atomic layer deposition (ALD) process
was developed for depositing MgF, thin films. Instead of the previously used fluorine sources, namely
HF or TiF., we used TaFs as the fluorine precursor for the first time in ALD. The films were grown in
a temperature range of 225—400 °C. The films were characterized by X-ray diffraction, X-ray reflection,
atomic force microscopy, scanning electron microscopy, spectrophotometer, and elastic recoil detection
analysis. Optical and electrical properties of the films were also studied. The films grew in columnar
fashion onto silicon and all the films were polycrystalline. The film densities were close to bulk MgF,.
Films with a good stoichiometry and low impurity levels were achieved. The refractive indices were
between 1.36 and 1.38 at A = 580 nm. The permittivity of a film grown at 300 °C was 5.0. The
transmittance of a film deposited at 350 °C was good even in the deep UV range. This type of novel
ALD process using the new fluorine precursor TaFs is a convenient method also for depositing other
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metal fluoride thin films.

Introduction

As excimer lasers extend to deep and vacuum ultraviolet
(UV) wavelengths, the requirements for low loss optical
components increases drastically.! The usage of oxide
materials is limited due to their intrinsic absorption. However,
metal fluorides can be the material-of-choice because of their
high transparency in deep UV ranges. MgF, is a dielectric
material with a wide band gap and a low refractive index of
1.38.% As a result of the low refractive index, MgF, films
have been used together with higher refractive index materi-
als, e.g., LaF;* 2 and ALO;">'* in optical multilayers, which
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can be used, e.g., in high reflective mirrors for ArF excimer
laser irradiation and narrow band-pass filters.*

The main deposition methods of MgF, films, as well as
their limitations, are presented in more detail in our previous
article, and the references therein. Briefly, physical vapor
deposition methods are the most often used techniques for
depositing MgF, films.

Chemical vapor deposition (CVD) methods have rarely
been used for depositing MgF, thin films due to the problems
in handling the hazardous fluorine sources, HF and F, gas.'®
Atomic layer deposition (ALD) technique,'”'® in which the
film grows via saturative surface reactions, belongs to the
CVD methods. Benefits of the ALD method include the fact
that uniform and conformal films are formed with good
thickness accuracy and reproducibility.'® The problem in
depositing metal fluoride thin films by ALD has been the
lack of a good fluorine source. HF, obtained by thermally
decomposing NH4F, was used as the first fluorine source
candidate in ALD for depositing CaF,, ZnF,, and SrF,
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films.2° However, HF is not an ideal choice for ALD because
of its unsafe chemical nature. Recently, we demonstrated
that TiF,4 can be used as a fluorine precursor in ALD for
depositing CaF,,”! Mng,15 YF; (data not published yet), and
LaF3.”> Good results were achieved by use of the TiF,
precursor, but the main drawback was that some titanium
impurities remained in the MgF, films, in levels from <0.1
to 2.8 at. %,"> which affected negatively the UV light
transparency of the films. Therefore, there is a need for a
better fluorine precursor.

The aim of this study was to demonstrate that TaFs could
be used as a new fluorine precursor for depositing metal
fluoride thin films by ALD. TaFs is a rather safe chemical.
It has quite low vapor pressure because it is a solid at room
temperature, and as a result it can be readily and safely
handled and removed from the reactor exhaust gases. It also
fulfills the main requirements for an ALD precursor, includ-
ing high reactivity in a process, sufficient volatility, and good
thermal stability.'® Furthermore, because of the larger size
of Ta compared to Ti, tantalum may be less readily
incorporated as an impurity into the MgF, films. This
decrease in transition metal impurities would lead to the
increase of UV light transmittance of the film. TaFs has
earlier been used in CVD, e.g., to deposit metallic Ta films*
as well as Ta,Os films by plasma-enhanced CVD.>**° TaFs
has also been used in ALD for depositing TazO5,26 and TaSi,
films,?”*?® but in all these cases TaFs was used as a tantalum
source, not as a fluorinating agent. In this work Mg(thd),
(thd = 2,2,6,6-tetramethyl-3,5-heptadionato) was used as the
cation precursor. Mg(thd), has been used in previous ALD
processes, in addition to being used in our previous study
on ALD of MgF,,"” also for depositing MgO thin films.**°

Experimental Section

The films were grown in a hot-wall flow-type F120 ALD reactor
(ASM Microchemistry Ltd., Helsinki, Finland). All films were
deposited in the temperature range of 225—400 °C. The pressure
inside the reactor was below 10 mbar. MgF, thin films were grown
onto 5 x 5 cm? Si(100) and Si(111) with native oxide. Other used
substrates were 5 x 5 cm? indium tin oxide (ITO) film on glass
and 2.5 x 5 cm? quartz. Magnesium S-diketonate, Mg(thd),
(Volatec Oy, Porvoo, Finland), was evaporated from an open glass
crucible at 125 °C and TaFs (Strem Chemicals Inc., Newburyport,
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Figure 1. Growth rate of MgF, films on Si as a function of Mg(thd), pulse
length at 300 °C. TaFs pulse and purge times were 1.0 s.

MA) at 45 °C inside the reactor. Nitrogen (NITROX UHPN 3000
nitrogen generator) was used as a carrier and a purge gas to separate
flows of the precursors in the gas phase and to remove the excess
reactants as well as the gaseous reaction byproduct.

The thicknesses and refractive indices of the MgF, thin films
were determined from reflection or transmission spectra obtained
with an Hitachi U2000 spectrophotometer in the wavelength range
of 190—1100 nm. A fitting program was exploited in analyzing
the spectra.®!

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.

Morphology of the films was studied by an Hitachi S4800 field
emission scanning electron microscope (SEM) and a Veeco
Instruments Nanoscope V atomic force microscopy (AFM). Before
SEM analysis, the samples were sputter-coated with a thin layer
of Au metal or Pd/Pt metal alloy (Cressington 208HR Sputter
Coater). AFM studies were carried out in tapping mode in air using
a phosphorus-doped silicon probe (RTESP) delivered by Veeco
Instruments. The scanning frequency was 0.5 or 1.0 Hz. A few
wide scans were performed from different parts of the samples to
confirm the uniformity of the surface. Final images were measured
from a scanning area of 2 x 2 um? and no image processing except
flattening was performed. Roughness values were calculated as root-
mean-square values (Ry). Composition and impurity levels of the
films were analyzed by elastic recoil detection analysis (ERDA)
by use of a 35 MeV **CI’" projectile ion beam.*?

Permittivity and current density of the films were measured on
Al/MgF,/ITO/glass capacitor structures with Al dot electrodes on
top of the MgF, film. The Al dots, with an electrode area of 2.04
x 1077 m?, were fabricated by electron-beam evaporation through
a shadow mask. The permittivity of the films was measured using
a HP 4284A precision LCR-meter at 1 MHz. The leakage current
densities were measured with a Keithley 2400 SourceMeter.

Results and Discussion

Film Growth. ALD growth characteristics of the MgF, films
were studied on the silicon substrates. Poor quality films were
obtained at temperatures below 225 °C and above 400 °C,
including weak adhesion and increased variation in film
thickness. Therefore, the growth behavior of the MgF, film was
studied in the deposition temperature range of 225—400 °C.
All the deposited MgF, thin films passed the Scotch tape
adhesion test. The self-limited nature of the novel ALD process
was verified at 300 °C by varying Mg(thd), pulse time (Figure
1). TaFs pulse length and purge times were both kept constant
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Figure 2. Growth rate of MgF, films on Si as a function of TaFs pulse
length at 300 °C. Mg(thd), pulse length was 2.0 s and purge times were
1.0s.

at 1.0 s. Full saturation of the growth rate was obtained in a
reasonably short time, within 2.0 s. In our previous ALD process
of MgF, with Mg(thd), and TiF4 at 250 °C, the growth rate
did not reach a constant level but slowly increased with the
Mg(thd), pulse time."> The achieved growth rate of 1.0 A/cycle
(Figure 1) is less than 1.3 A/cycle obtained by using Mg(thd),
and TiF, at 300 °C.

While the detailed reaction mechanism remains unidenti-
fied at the moment, the following net reaction (1) is
suggested:

5Mg(thd),(g) + 2TaFs(g) — SMgF,(s) + 2Ta(thd)s(g)

ey

In the reaction of Mg(thd), and TaFs (1), a solid MgF, is
formed together with volatile Ta(thd)s and possibly some
other volatile by-product. The key issue is how completely
the impurities, especially H, O, C and Ta atoms, can be
removed away from the final film.

The growth rate of MgF, film is shown in Figure 2 as a
function of the TaFs pulse length at 300 °C. The Mg(thd),
pulse length was 2.0 s, and the purges were 1.0 s. Saturation
of the growth rate was achieved after 1.0 s TaFs pulse. The
nitrogen purges were also varied (data not shown) and 1.0 s
purges were found sufficient for this ALD process.

The dependence of the film growth rate on the deposition
temperature is illustrated in Figure 3. Pulse lengths were 2.0 s
for Mg(thd),, and 1.0 s for TaFs as well as for the nitrogen
purges. The maximum growth rate of 1.1 A/cycle was
achieved at 225—250 °C. At higher temperatures, the growth
rate slowly decreased to 0.8 A/cycle between 325 and
350 °C, until the growth rate rapidly decreased to 0.4 A/cycle
at 400 °C. Decreasing growth rate with an increase in
deposition temperature was also observed earlier in ALD of
MgF; from Mg(thd), and TiF,."> A reason for the decrease
of the growth rate can be that when the growth temperature
is increased, the adsorption density of the fluorine source
may decrease, which leads to the decrease of the growth rate
as well.>! The monolayer thickness of MgF, is 1.53 A, as
calculated from the lattice parameters of the tetragonal crystal
structure.'”> The achieved maximum growth rate of 1.1
Alcycle is therefore about 0.7 monolayer of MgF,.
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Figure 3. Growth rate of MgF, films on Si as a function of deposition
temperature. Mg(thd), pulse length was 2.0 s, whereas TaFs pulse and purges
were 1.0 s.
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Figure 4. GI-XRD patterns of MgF, films grown on Si at 225—400 °C.

Film Properties. All the films were polycrystalline MgF,
as determined by GI-XRD. Diffraction patterns of the films
grown at 225—400 °C are depicted in Figure 4. Tetragonal
(110), (111), (210), (211), and (220) reflections were
obtained. The film grown at 225 °C showed only weak
reflections; otherwise, the peaks were clearly seen, and the
crystallinity of the films increased with the deposition
temperature. For a deposition temperature of 300 °C, the
(210) reflection is considerably stronger than the (110) and
(111) reflections. For higher deposition temperatures (350
and 400 °C), the (110) reflections become the strongest ones,
while the (111) and (210) reflections have about the same
intensity. And at 400 °C the (110) reflection becomes about
4 times stronger than the (111) reflection.

The film morphology was analyzed by SEM and AFM
(Figures 5-7). Inline with the XRD results, SEM images
showed polycrystalline structure. While small grains were
grown at 250—300 °C (Figure 5a,b), larger grains were
formed at the higher deposition temperatures of 350 and
400 °C (Figure 5c,d). The morphology of the films was also
determined from the cross-sectional SEM images (Figure 6).
The growth mode of the film deposited at 250 °C (Figure
6a) is less columnar compared to that grown at 350 °C
(Figure 6b) where a columnar structure of MgF, is clearly
seen. Our previous ALD MgF, films,'” as well as evaporated
MgF, films,> were also grown in a columnar fashion on
silicon. In contrast, our earlier ALD studies showed that CaF,
grew in a more granular fashion than MgF, or LaF; on silicon
at 350 °C when using TiF, as the fluorine source.>> The
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Figure 5. SEM images of MgF, films on Si. Deposition temperature and thickness of the films were (a) 250 °C, 163 nm, (b) 300 °C, 191 nm, (c) 350 °C,

200 nm, and (d) 400 °C, 110 nm.

Figure 6. Cross-sectional SEM images of MgF, thin films deposited onto
Si at (a) 250 °C and (b) 350 °C.

cross-sectional SEM images (Figure 6) show also that the
surface roughness increased when the growth temperature
was changed from 250 to 350 °C.

The surface roughness of MgF, films on the silicon
substrate was measured by AFM (Figure 7). As expected,
the roughness increased with increasing growth temperature.
This increased surface roughness can be clearly seen in
Figure 7. Even if the R, roughnesses were above 7 nm with
the films grown at 300—400 °C, still the roughness value of
8.7 nm of the 400 °C sample is considerably lower than that
(23.0 nm) of the 147 nm thick MgF, film grown by ALD at
400 °C with TiF, as the fluorine source.'> This is an
encouraging result because a rough film surface causes
optical loss due to light scattering. Therefore, it seems
possible to deposit uniform films with reasonable surface
roughness by ALD even at high temperatures, which are
often desired because purer ALD metal fluoride thin films
are usually formed at high deposition temperatures.'>2!?>

The film compositions were determined by ERDA (Table
1). Generally the impurities in the films, namely, H, O, C,
and Ta, decreased with increasing growth temperature, but
at deposition temperature of 400 °C the impurity contents
increased as compared to the film grown at 350 °C. The total
impurity level (at. %) in the films was as follows: 19.3 at
225 °C, 8.4 at 250 °C, 2.8 at 300 °C, 0.6 at 350 °C, and 2.6
at 400 °C. The F/Mg ratio values were between 2.0 and 2.4,
as seen in Table 1. Most of the films were fluorine-rich,
especially the 225 °C sample with the ratio of 2.4, but on
the other hand the 225 °C sample had also the total impurity
level as high as 19.3 at. %.

Light transparency of the film depends heavily on the
impurities, especially in the UV range.>* MgF, films with
highest quality were certainly achieved at growth tempera-
tures of 300 and 350 °C, and therefore at these temperatures
MgF,; films were deposited also onto quartz for testing the
UV light transparency. Figure 8 shows transmission spectra of
MgkF, films on quartz at 300 °C (dashed curve), at 350 °C (dash
dot), and a reference spectrum of the bare quartz substrate (solid)
in the wavelength range of 190—1100 nm. The transmission
curve of the 350 °C sample drops below the pure quartz line
only at 190—240 nm, and the transmission is clearly better
than that in the 300 °C sample (Figure 8). The reason for
the better light transmittance of the 350 °C sample is
obviously the result of the lower impurity content (Table
1): 0.6 vs 2.8 at. %. The transparency of the 350 °C sample
is even slightly better than that of the 350 °C sample

(33) Pilvi, T.; Ritala, M.; Leskeld, M.; Bischoff, M.; Kaiser, U.; Kaiser,
N. Appl. Opt. 2008, 47, C271.
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www.cerac.com/pubs/CMNarchives.htm.
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Figure 7. Tapping mode AFM images of MgF, thin films on Si. Deposition temperature and thickness of the film were (a) 250 °C, 163 nm, (b) 300 °C, 191

nm, (c) 350 °C, 200 nm, and (d) 400 °C, 110 nm.

Table 1. Composition (at. %) of MgF, Thin Films on SiO,/Si at
Different Deposition Temperatures as Determined by ERDA

225 °C 250 °C 300 °C 350 °C 400 °C
F 56.9 61.8 65.1 67.7 66.1
Mg 23.8 29.8 32.0 31.7 31.3
(6] 6.0 2.2 1.2 0.3 1.5
Ta 1.4 12 0.5 0.1 0.2
C 1.8 1.3 0.5 <0.1 <0.1
H 10.1 3.7 0.6 0.2 0.9
F:Mg 2.4 2.1 2.0 2.1 2.1

deposited from TiF, + Mg(thd)z,15 which proves that the
TaFs is a better fluorine source than TiF,.

Refractive indices of the films were measured from the
films deposited onto Si substrates. The measured values with
the growth temperatures were (4 = 580 nm) as follows: 1.38
at 225—250 °C, 1.37 at 275—325 °C, and 1.36 at 350—
400 °C. Our results are very close to the reported bulk value
of 1.378 (A = 589 nm) for tetragonal MgF,.? The lower
refractive indices than the bulk, obtained with the 350 °C
and the 400 °C samples, are usually a result of the porous
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Figure 8. Transmittance spectra of a quartz substrate (solid curve), 130

nm thick MgF; film on quartz deposited at 300 °C (dashed), and 100 nm
thick MgF, film on quartz grown at 350 °C (dash dot).
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Figure 9. Leakage current densities vs electric field curves of Al/MgF,/
ITO capacitor structures. The films were grown at 250 °C (solid line) and
300 °C (dashed).

microstructure,® which can also be seen in Figures 5c and
5d. However, film densities of the films grown at 250—
400 °C were all very close to the bulk value of 3.15 g/cm?
for the tetragonal MgF,,” as measured by XRR.

The electrical properties were measured for two films,
deposited at 250 and 300 °C, in AI/MgF./ITO capacitor
structures. The average permittivity obtained for a 85 nm
thick film deposited at 250 °C was 4.3 at 1 MHz. The
permittivity value for a 90 nm thick film grown at 300 °C
was 5.0. These results are comparable with the reported value
of 5.45 at 1 MHz,® as well as the permittivity of 4.9 at 10
kHz for the MgF, film grown by ALD at 250 °C from
Mg(thd), + TiF,.'> The leakage current density vs electric
field is illustrated in Figure 9. The catastrophic breakdown
occurred at —3.6 and +3.8 MV/cm for the film grown at

(35) Zuber, A.; Kaiser, N.; Stehle, J. L. Thin Solid Films 1995, 261, 37.
(36) Jacob, M. V.; Krupka, J.; Mazierska, J.; Woods, G. S. Mater. Sci.
Eng., A 2006, 427, 175.
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250 °C and —2.6 and +2.7 MV/cm for the film deposited at
300 °C. These breakdown fields are lower than what was
achieved earlier in ALD of MgF, from Mg(thd), + TiF, at
250 °C, when the breakdown fields were —5.8 and +4.4
MV/cm for a 140 nm thick MgF, film.'> Hence, the ALD
grown MgF, remains in the class of good insulators, despite
its polycrystalline film structure (Figure 4). The leakage
current density stayed below <10™® A/cm? in the film grown
at 250 °C, and <1077 A/cm? at 300 °C before the breakdown
(Figure 9).

Conclusion

Metal fluoride thin films were deposited for the first time
by ALD using TaFs as the fluorine source. We have shown
here that the novel fluorinating agent can be used for
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depositing MgF, films, and the ALD type of film growth
was verified at 300 °C. Dense and polycrystalline MgF, films
were deposited at 225—400 °C. The films grew in columnar
fashion onto silicon substrates. Films with low impurity
levels and the best UV light transparency were achieved at
the deposition temperature of 350 °C. Smoother and better
transparency MgF, films were achieved at high growth
temperature compared to MgF, films grown by ALD from
TiF, + Mg(thd),. The refractive indices were 1.36—1.38,
and the permittivity of the film grown at 300 °C was 5.0.
We believe that TaFs is an excellent choice for depositing
also other metal fluorides of high quality.
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