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OPTICAL COATINGS OF CVD-TRANSITION METAL OXIDESAS
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The paper presents the recent study on the technology and investigation of thin metal oxide
films based on transition metals, such as W and Mo. Defined is the application aspect of the
research, by describing the optical systems based on these films, namely the electrochromic
device and the X-ray mirror. Results on the optical absorption in the films are presented, and
discussed by the specific structure of these materias. Electrochromic measurements of the
MoOs;, as well as of mixed oxide films based on W and Mo are more in details presented. A
device based on mixed oxide films as working electrode is developed and its electrochromic
functioning evidenced by the voltammograms, coloration efficiency and optica modulation is
described.
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1. Introduction

The recent research results presented in the paper are focused on the technology and
investigation of dectrochromic transition meta oxide thin films based on tungsten and mol ybdenum
oxides. These materias are interesting from the point of view of basic science and technology. An
eectrochromic materia is able to change its optical properties when a small voltage pulseis applied
across the material [1,2]. This phenomenon is supposed to be reversibleif the polarity of the voltage
is changed the origina state should be recoverable. These properties are exclusivey interesting
especialy if regarding their applications such as dements for information displays, shutters for the
light, smart windows, antidazzling mirrors, thermal radiators, etc [3-5]. It is important to note that
even if a single thin film exhibits €ectrochromism, it should be a part of an optical system with a
special construction in order to exhibit the effect. This system should alow the application of a
voltage. The optical modulation (the change in the transmittance in the two modes, colored and
bleached) is connected with the differences in the eectron density of the oxides. So, the e ectrodes
necessary to makethe dectrical contacts should permit injection or extraction of €ectrons.

The characterigtic properties of transition metal oxides are mainly determined by their
specific band structure and dectron distribution. They possess d-eectrons, which create d-band
patialy overlapping s-band. The d-band provokes the interesting chemica, physica and optical
properties of transition metal oxides.

Molybdenum oxide films show well pronounced eectrochromic effect [6,7] and many
properties, which are similar to the mostly investigated W oxide films. MoOs octahedron is the
building unite of the specific layered structure of MoOs, in which one oxygen is unshared, two
oxygen atoms are common to two octahedral, and three oxygens are in part-shared edges and

common to three octahedral. Thislayered structureis usudly referred to asthe a phase. Theinternal
interaction among atoms is dominated by ionic and covalent forces, but the sublayers pair is
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interacted by weak van der Waals forces [8]. This structure gives opportunity for injection of
different donor ions into interlayered spaces and favors EC properties. From other hand, the
metastable monoclinic p - phase has a cubic ReO; - like structure, consisting of three-dimens onal
rows of shared MoOg octahedra [9]. The open crystdline structure of Mo oxide makes this material
very good host materia for ions like Li, protons, K, Na. This property makes this materiad a good
eectrochromic material.

Another application for Mo and W based transition metal oxides are multilayers as mirrors
for the extreme ultraviol et radiation (EUV, wave ength between 2 and 50 nm). Such multilayers can
be obtained by aternated deposition of two materials with different complex refraction index and a
double layer thickness in the range of the EUV waveength [10]. Because of the importance for
“next generation” chip technology (the so called extreme ultraviolet lithography EUVL), alot of
studies have been done for the 13 nm wavel ength. At this wave ength metallic mol ybdenunvsilicon
multilayers provide the highest reflectivity, up to 70% [11]. However, such multilayers need high
purity and extremly low interface roughness to obtain a high reflectivity and are usually produced by
PVD methods such as d ectron beam evaporation or magnetron sputtering [12]. Carbon and oxygen
impurities will dramatically decrease the reflectivity at this wavel ength. For shorter wavdengths, in
the “water window” between the carbon and oxygen absorption edges at 4.4 and 2.4 nm, oxygen is
transparent. Furthemore, metal oxides form very stable interfaces and diffusion barriers in
multilayered structures, a very low interface roughness with small roughness corrdation lengths,
important to deposit multilayers with a high number of periods and ultrathin layers. This is another
advantage of oxide multilayers [13].

Recently deposited multilayer system of WO,/SiO, has shown that in combination with thin
SiO; films, multilayers with tungsten oxide layers with less than one nanometer thickness showed
excellent periodicity even without in-situ thickness control and a very low roughness of 0.3 nm. The
results suggest, that multilayers with an even higher number of periods, suitable as mirrors for EUV
radiation, are possible to deposit with oxygen plasma enhanced CVD. The interface roughness may
be further reduced by variation of the deposition parameters (bias voltage, oxygen flow, plasma
power).

2. Experimental

It is established that MoO; films are successfully obtained in the temperature range of
150-200 °C by atmospheric CVD process. Experiments with increasing the deposition temperature
above 200 °C (300 and 400 °C) showed that there was no film deposits, neverthe ess there were
enough carbonyls vapors in the reactor, because powder and deposits on reactor wals were
registrated. This proves that CVD process for MoOs; film deposition requires lower Tgeposition
compared with the analogical process for WO; films, which were successfully deposited in the
temperatures of 200 to 400 °C [14]. Details of CVD deposition can be found elsewhere [15,16]. The
film thickness was in the range of 320-400 nm for the low-temperature set of samples and 120-240
nm for the 200 °C-set of samples. The two kinds were grown for one and the same deposition time.
The two sets of samples in as deposited state differ in their color. The samples of the lower-
temperature | ook bluish, when the 200 °C-set of samples are yellowish.

Films of M0oOs;, WO; and mixed MoOs-WO; oxide were deposited on conductive glass
(Donndly type SnO,:Sh) and Si substrates, by atmospheric pressure pyrolytic decompaosition of the
corresponding hexacarbonyls, W(CO)s, M0o(CO)s, or their suitable physical mixtures. The mixed
precursor was prepared in aratio of 1:4 in favor of the W(CO)e. The vapor source temperature was
90°C. The chosen ratio of the flow rates of argon through the vapor source to oxygen was 1:32 to
supply arich of oxygen enviorenment in the CVD reactor. The deposition temperature was 200 °C.
This was the crossing point of the deposition temperatures for the three kinds of metal oxide film
[16]. The deposition time was kept constant (40 min) and because of the different growth rates the
film thickness was about 300 nm for MoQs;, 120 nm for WO; and 400 nm for mixed oxide films.
Apparently, the presence of two components in the chemica reaction changes the growth kinetics,
leading to an increased growth rate of the mixed oxide films at temperature of 200°C, where WO,
grows very slowly.
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The optical parameters of the MoO; films were deduced from the spectroscopic
dlipsometric measurements carried out in the spectral region of 300 - 800 nm using Rudolph
Research dlipsometer with PCSA configuration. The refractive index, N, and the extinction
coefficient, k, were ca culated for a single-layer/substrate optical system assuming that the films are
a homogeneous medi um.

Cyclic voltammetry experiments were performed in a sandard three-e ectrode arrangement.
The cdl adopted had Pt as a counter dectrode, and a saturated calomel (SCE) reference dectrode.
The sweeping potentials were provided by a Bank - eectronik Potentiostat, under computer control.
The electrodes were immersed in an dectrolyte of 1 mal/l LiClO, in propylene carbonate (PC) or
1M H,SO,+ 50% glycerine. To change the wavelength, a monochromator was installed in the
system, permitting the color efficiency to be estimated over alarge spectral range (400-800 nm).

By plasma-enhanced CVD, using tungsten hexacarbonyl W(CO), as a precursor with an
oxygen plasma for precursor decomposition and oxygen supply, thin films of WOs; were deposited.
In combination with SiO, (deposited from TEOS Si(OC;Hs)4), multilayers with WO; single layer
thickness of less than 1 nm and 40 periods have been produced with the PECVD equipment.

The in-situ soft X-ray measurement of the reflectivity, applied during the PECVD
deposition, consists of a XPS X-ray source coated with carbon, which is emitting 4.4 nm radiation
( carbon K-ling). The source is mounted at 20° to the substrate. A proportiona counter under the
same angle of incidence detects the reflected radiation. The resulting reflectivity curves show an
osdllating behaviour due to waves interference of reflected at the film/substrate interface and the
film surface. The values of wavedength A and angle of incidence a determine the film thickness d for
one period of oscillation, as given in first order by Bragg' s law A= 2d cosa [13]. This method gives
information about surface roughness and film density, aso. Due to the absorption of the film, this
method is only useful for smooth films up to a thickness of 10 nm (for high absorbing metals) or
100 nm (for low absorbing materials like SiO,).

3. Results and discussion

First, MoOs films obtained at the lower deposition temperature was analyzed by UV-VIS
spectroscopy. As it was mentioned, the two sets of films are visually different in their color. The
150 °C-deposited films are bluish in color, which is characteristic for substoi chiometric MoO, and is
connected with the presence of oxygen vacancies into the structural film order. The transparency of
as deposited film at 150 °C is around 45% in the visible range and improving of the transmittance is
observed after annealing. The 400 °C - annealed MoO; film has 78% transparency. The increase of
transparency for the annealed MoO; films is suggested as due to the additional oxidation of the film
and decrease of the number of oxygen defects in the material. For the second set of thin films,
prepared a Tgenostion=200 °C, the optical transmittance increase from 35% for as deposited films up
to 70% for 300 °C treated MoO; film. The annealed samples deposited at the increased oxygen
content (Mo(CO)e/0,=1/34) have transparency around 80%.

The absorption coefficient for the different process temperatures is evaluated from the
corresponding extinction coefficient. The spectral dependences are presented in Fig. 1. Thereisnot a
clear dependence on deposition temperatures below the absorption edge. The a vaues reman
smaller than 5x10* cm™ for wave engths below the absorption edge. Approaching the absorption
edge band to band dectronic transitions take place and the absorption strongly increases, having
higher values for the films, deposited at 200 °C. The shape of the curvesis similar for Tgpimaor=70
and 80 °C and differs significantly only for Tgpimaor = 90 °C. For the latter two well-pronounced
strong absorption bands appear. These peculiarities at energies below the absorption edge could be
connected with proper type of defects giving states in the forbidden band gap. Similar optical
absorption bands were observed by C. Julien et al. [17]. The observed bands were associated with
defects of oxygen-ion vacancies in the MoOs film.
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Fg. 1. Absorption coefficient as afunction of the photon energy for the MoO; films
obtained at the Tgeposiion=150 and 200 °C.

The plot of (ahv)"? versus hv determines the E,q values for films deposited at 150 and
200 °C are presented on Fig. 1. It could be concluded that the sublimator temperature has no
influence on the Eqq value (2.91-3.04 €V) at Taeposiion=150°C, since the difference is in the range of
the measurement accuracy. At 200°C, this difference is more noticesble. The va ues of the optical
bandgap energy for al the films studied are within 2.76 - 3.14 €V, which is in agreement with the
literature data [1, 18]. The observed E,y variation for different temperatures could be connected
either with structure or thickness changes. In our experiments, however the deposition time was kept
constant and different film thi ckness was obtained due to kinetics reasons. Because of the correation
between structure and film thickness, the influence of neither one on E,q values can be determined as
dominant. The structure of the films as revedled by XRD, IR and Raman anaysis is a mixture of
amorphous and crystalline phases [19].

The transmittance in the visible wavd ength range for M0oOs;, WO; and mixed M0oOs;-WOs
films from the comparison set varies within 60-80 % but comparison between the transmittance of
the films cannot be directly made because of the different film thickness. Correspondingly, the
values of reflectance are around 20%. After anneding MoO; and WO; films become more
transparent, while transparency of the mixed oxide films decreases in the range of 400-750 nm and
dlightly increases towards longer wavel engths. The annealing does not have strong influence on the
spectra of the MoO; and WO; films, while it leads to a noticeable decrease in the reflectance of the
mixed MoOs-WO; oxide films.
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Fig. 2. Spectrd dependence of the absorption coefficient (a) for MoOs, WO; and MoOs-
WO; for as-deposited (dotted line) and after 400°C (solid line) annedling films.
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The absorption coefficient o is determined by two independent methods, UV-VIS
spectrophotometry and spectroscopic €llipsometry. Since the two dependences of a well coincide,
only the spectrophotometric results are shown in Fig. 2, where the absorption spectra of as-deposited
and annedled films are presented. As it is seen, there is no maximum in the WO; spectrum, it is
amogt plateau up to ~ 3 V. The small maximum at 1.7 eV in the spectrum of MoO; transforms in
the spectrum of mixed oxide filmin a broad and deep maximum at 1.8 eV. In tungsten-mol ybdenum
mixed oxide films Faughnan et al. [20] have found this absorption peak in the same energy range.
After annedling, the absorption in pure metal oxides decreases, while in the mixed oxide films -
significantly increases. We have noted after annealing a certain decrease of a in these mixed oxide
films when they are deposited on crystalline silicon substrates. This can be related to different film
structure. The optical absorption for as-deposited films has, in addition, a second maximum around
2.75 eV, which in the case of M0O; [21] appears at 2.5 €V. The enhanced absorption at energies
bdow the absorption edge could be associated with proper type of defects in the metal oxides.
Absorption bands in this energy range are also observed in [17] and they are associated with oxygen-
ion vacanciesin MoOs film.

MoO; films are ailmogt transparent. After eectrochemically done injections of small ions
like Li*, H" or K™ and dectrons into films structure, their color changed to dark blue. The color
modulation is proposed [2] to be connected with the double interca ation/deintercal ation of ions and
e ectrons and this reaction can be written as follows:

XM™* + x€ + M0oO; <> M,M00;

where M™ are small alkine ions. The present theories suggest that the optical absorption is provoked
by geducti on of Mo™ levels to Mo® and the beginning of transfer among neighboring Mo®* and
Mo’ sites.

The dectrochemica experiments showed the differences between the two types of MoO;
films, deposited at 150 and 200 °C deposition temperatures. All samples reveaed bigger current
densities for 150 °C obtained MoOs films. Fig. 3 presents the as deposited MoO;s films, obtained at
150 and 200 °C. The curves have no peculiarities and maximums what is an indication for
amorphous and disordered structure. The basic peak dueto Li injections is appeared at -1.37 V and
the corresponding anodic peak (ion extractions) at -1.14 V. Fig. 4 shows CV curves for MoO; films
deposited at different oxygen content introducing into CVD reactor during the film growth.
Differences appeared at the locdizations of theion interca ation peaks. They are observed at -1.37, -
1.13 V for gas ratios 1/28 and 1/20, respectively. The cyclovoltamograms for the film obtained at
highest oxygen revead ed no dear cathodic peak. The anodic peaks are at - 0.82, - 1.12, - 0.96 V for
1/20, 1/28 and 1/40.
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Fig. 3. CV curves of as deposited MoOs Fig. 4. CV curves of CVD as deposited MoOs;

filmsat 150 °C (1) and 200 °C (2). films at different gasratios.
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Fig. 5. CV curves of MoO; films, deposited at 200 °C in as deposited state and annealed at 400 °C.

Fig. 5 presents the e ectrochemical cycles of as deposited and anneal ed M 0O; films obtained
at 200 °C. Increasing the annealing temperatures | eads to significant increase of current density. The
diffusion coefficient of Li ions intercalated into €ectrochromic film can be determined using wdll
known formula [22] and some data from electrochemica measurements as the concentration of
active ions into the used dectrolyte, sweep rate and the current density peak taken from the
experimental CV curves. The estimated values for diffusion coefficient of Li ionsin CVD MoO;
films prepared at vari ous technol ogical conditions are presented in Table 1.

As can be seen the values of D varied depending on preparation parameters. C.G. Granqvi st
[1] reports values for diffusion coefficient for film with mixed orthorhombic and monodlinic
structures in the range of 10 - 5x10™ cms, and for bulk orthorhombic MoO; the values are
10 - 10™° crr/s. Our results show that as deposited films from 150°C set and gas 1/28 and 1/40, D
are closed to bulk material values. At these process parameters, the prepared films are amorphous
with beginning of crystalization in orthorhombic modification as proved from previous XRD and
Raman studies[19].

Table 1. Diffusion coefficient D; for different MoOs films.

Tdeposition [OC] Mo(CO)e/O; Theaﬂng [OC] D [CmZ/S]
150 1/20 Asdeposited | 2.56 x 102
150 1/28 Asdeposited | 1.60 x 10™
150 1/40 Asdeposited | 1.06 x 10™*
200 1/20 Asdeposited | 1.50 x 10™
200 1/20 400 °C 220x 10"
200 1/28 Asdeposited | 5.29 x 10™
200 1/28 400 °C 6.76 x 10"
200 1/40 Asdeposited | 4.90 x 10™

The color efficiency strongly depends on wavd ength and on the changes in the optical
density (AOD). It can be determined as CE= AOD/Q, where AOD is the change of the transmitted
optical density at the wavel ength of interest A, due to the transfer of charge Q during a single-pass.



Optica coatings of CVD-transition metal oxides as functional layers ... 1249

MO, asdeposited 200°C/1/24

—— HYDROGEN
------ Lithium

Color Efficiency (cm*/C)

i
1S}
!

o

T T T T T T T
500 550 600 650 700 750 800

Wavelenght [nm]

Fig. 6. Color efficiency of CVD — as-deposited MoO3 thin films, after Li+ and H insertion

Fig. 6 presents the estimated color efficiency of CVD molybdenum oxide films in the two
kinds of eectrolytes — lithium and hydrogen containing ions. The va ues of CE in case of hydrogen
dectrolyte are bigger, but dthough the glycerin is added in order to prevent the oxide film from
destruction, destruction of CVD MoO; film was observed after about 50 cycles.

The éectrochromic characteristics of APCVD films of MoOs;, WO; and MoQOs-WO; films
were investigated. As can be seen from Fig. 7 the as deposited mixed films showed significant
increase of current density in camparison with pure oxide films. Table 2 represented the estimated
va ues for injected and extracted charge of CVD mixed oxide films.

From Fig. 7 and Table 2 can be proposed that there is an improvement of dectrochromic
properties of mixed film, annedled at 400°C. It is worth noting the sharp increase of the charge of
MoW O films. This fact proved the quality and applicability of these materiadsin EC devices. The
absence of clearly pronounced peaks indicates amorphous material. The cathodic wave of M0oO;
shows very weak peak at -0.42 V. For pure WO;, two clear peaks are distinguished at -0.46 and -
0.82 V. For the mixed oxide, the cathodic maximum islocalized a -0.73 V.

Table 2. Determined charge val ues during e ectrochemica reaction. Q isin [mC/cn] units.

Materia Annealing temperature Qinserted Qextracted
As deposited 31.57 30.36
MoO; 400°C/1 hour 16.62 41.18
Asdeposited 23.56 20.53
WO; 400°C/ 1 hour 39.20 31.40
Mo W 14O As deposited 116.3 170.9
400°C/ 1 hour 195.59 204.51

Anodic peaks are a -0.2 and -0.25 V for M0oOs;-WO; and WO;, respectively. MoOs shows
no anodic peak. After Li intercalation, the films are colored in deep blue and bleached after Li
deintercalation. The most intensive coloring was observed for the mixed oxide films based on Mo
and W. On Fig. 7 can be seen the dectrochemica measurements of anneded films. The curves
present more characteristic view especidly for the mixed film, where well pronounced peaks are
observed.
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Fig. 7. Cyclic voltamograms of annealed at 400 °C films of M0O3, WO; and M0oO3-WOs,

Table 3. Diffusion coefficients of Li ionsin MoO;, WO; and Mo, W, O;5 films.

Materid Tanneding D [CmZ/S]
As-deposited 6.76 x 107
MoO; 400°C/1 hour 5.3 x 10™
As-deposited 9.6x10™
WO; 400°C/1 hour 2.25x 101
As-deposited 4.41x10™
MoW,.,0; 400°C/1 hour 1.4 x 10™

Table 3 showed the values of D; for the three types of films. The best results are obtained
for the mixed oxide system, suggesting easy and quick movement of lithiumionsinto their structure.
Prior to the dectrochemica measurements the as-deposited and annealed films had high
transmittance (around 80-60%). The transmittance of the mixed MoO;-WO; films decreases rapidly
after intercalation of Li ions into the film structure. The films were colored deep bluish and the
transmittance values are under 10% for as-deposited and anneal ed (400°C) mixed films.
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Fig. 8. Calor efficiency values of CVD MoOs;-WO; films, annealed at 300, 400 and 500 °C.

From the graphs on Fig. 8 is seen that the coloration effidency of the mixed W/Mo based
oxide films reaches the values for the reported as the best d ectrochromic material - WO;z, It must be
noted that the maxima value of the coloration efficiency of CVD MoOs-WO;s films is located at the
maxi mum of the solar spectrum (500-600 nm), which is another advantage of the mixed oxide films.
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Fig. 9. TEM cross section of a WO4/SIO, multilayer, d = 2.1 nm, n = 40.

Deposition of WO,/SiO, and MoOs/SiO, multilayers with asingle layer thickness of about 4
nm using a radio frequency plasma results in extremel y smooth interfaces with a roughness | ess than
0.2 nm. Calculations of the reflectivity of, for instance, WOs/SiO, showed that the peak reflectivity
of the oxide based multilayer for water window waveengths with a period less than 3 nm is much
lower (about only 10%) than the reflectivity of the best EUV-reflector of Ti/C multilayer, but it has
an increased value in a larger range — from about 3.4 to 2.3 nm, which covers most of the water
window range. A beam reflected from such a system and having so short wavdength is very
important and could be used for analyzing bioobjects with very small sizes. Besides, the real water,
which is transparent in the water window range could be analized by such a beam, since the carbon
is absorptive and could be detected easily. Such organic contaminations are real world problem for
the water supply sources.

4. Conclusion

Thin films from transition metal oxides successfully deposited by APCVD carbonyl process
show excellent eectrochromic behavior. The obtained color efficiencies meet the requirements of
functional layers in practical dectrochromic devices. The same types of films prepared by plasma
enhanced CVD are applicable if combined with conventional metad oxides in optical systems —
X-Ray mirrors. The multilayer system with tungsten oxide layers and thin SiO, films has shown
showed excedllent periodicity and a very low roughness of 0.3 nm.
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