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ABSTRACT

_In this work, we studied radio-frequency reactively sputtered molybdenum oxide thin films. Thin films with distinct
stoichiometries were obtained by varying the oxygen flow and maintaining all other deposition parameters constant. The
relatlonghlp between optical, electrochemical, and mechanical behavior of the films submitted to lithium intercalation in
an aprotic electrolyte is reported. Films deposited at low oxygen flow (B-films) are substoichiometric molybdenum oxide,
with composition MoO;_, (0 < x < 1). Films deposited at high oxygen flow (T-films) approach the MoO, stoichiometry.
B-films have a greater concentration of optically active sites and a more open structure when compared to T-films.

Introduction

Different growth techniques are currently used for
molybdenum oxide thin-film deposition' such as thermal
evaporation,® sputtering,® chemical vapor deposition
(CVD)*, electrodeposition,® etc. The ability of these mate-
rials to exchange lithium ions reversibly with an elec-
trolyte has been explored in microbatteries® and optical
devices.! The as-grown films are either transparent or
slightly blue and show a deep blue coior upon lithium in-
sertion. The electrochemical insertion reaction is

MoO, + ye~ + yLi* 2 Li,MoO, [1]

The thin-film electronic-band and crystallographic
structure govern the kinetics of this reaction and the
charge capacity of the material,! as well as the optical
behavior of the system. Each deposition technique or
deposition condition leads to films with distinct micro-
structure and stoichiometry. As a consequence, the ability
of the material to accept lithium ions and its optical
behavior upon lithium insertion vary. The relationship
among all these parameters is far from clear, in part due to
a lack of systematic work exploring different deposition
parameters and insufficient physical and chemical charac-
terization of the as-grown and intercalated films.

In this work, we studied RF reactively sputtered molyb-
denum oxide thin films. Thin films with distinct stoi-
chiometries were obtained by varying the oxygen flow and
maintaining all other deposition parameters constant. The
objective of this work was to study the relationship
between optical, electrochemical, and mechanical behav-
ior of the films submitted to lithium intercalation in an
aprotic electrolyte.

Experimental

Films were produced by RF reactive sputtering. Sub-
strates were thick glass plates (Corning 7059, used in spec-
tral transmittance measurements), flexible indium-tin
oxide (ITO) covered thin glass plates (0.15 mm, used in
stress measurements), or ITO-covered thick glass plates
(used in in situ monochromatic transmittance measure-
ments). Deposition conditions are shown in Table L
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Table I. Deposition conditions.

Equipment Balzers BAE-250 deposition system
Target Metallic molybdenum
Target/substrate distance 12 cm

RF power 100 W

Atmosphere O,-Ar

1.5 X 107 mbar
7.0 X 107* mbar
1.5 to 8 scem

Initial pressure
Deposition pressure
O, flow
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Table II presents the thicknesses of the films, as measured
by profilometry {a-step profilometer, Tencor Instruments).

Spectral transmittance of films deposited onto thick
glass was measured with a Lambda-9 Perkin-Elmer spec-
trophotometer.

Lithium intercalation was promoted by electrochemical
means from a 0.1 M LiClOpropylene carbonate elec-
trolyte. A lithium foil was used as the counterelectrode.
The pseudo-reference electrode was metallic Ag {2.72 V vs.
Li in this electrolyte). The electrodes were mounted in a
sealed Teflon electrochemical cell with two parallel opti-
cal windows. All the preparation was done in a dry box,
filled with Ar and with less than 1.0 ppm of water.
Potentiodynamic and galvanostatic experiments were per-
formed using a 273 EG&G potentiostat/galvanostat.
Monochromatic transmittance (A = 632.8 nm) and stress
measurements were performed simultaneously with an
experimental setup described elsewhere.” We considered
the transmittance of cell and electrolyte as 100%. Stress
changes are reported with samples in the oxidized state as
our arbitrary reference.

Results

The molybdenum oxide films were deposited at seven dif-
ferent oxygen flow rates (¢) ranging from 1.5 to 8.0 scem.
All films were amorphous when observed by standard x-ray
diffraction technique. The deposition rate (t) obtained
from thickness measurements and deposition time is
shown in Fig. 1. Initially, ¢ increases with the increase of
¢ (region A, Fig. 1) but decreases for higher ¢ (region
B, Fig. 1).

Figure 2 shows the transmittance as a function of wave-
length for the as-grown films. The transmittance of the
films deposited at low ¢ is shown in Fig. 2a. The film
deposited at ¢ = 1.5 scem is metal-like. Films deposited at
¢ = 1.65 and 1.75 sccm are deep blue. The transmittance of
the films deposited at high ¢ is shown in Fig. 2b. The films
deposited with ¢ in the range ¢ = 2 to 8 sccm are slightly
blue (¢ = 2.0 sccm) or transparent for all other flows.

The optical density change (OD) is obtained from trans-
mittance measurements (T), using the relation OD =
—log T. The absorption coefficient o can be calculated by
the relation®

a = 2.303 OD/d 2]

Table Il. Sample thickness.

0, flow during deposition (sccm) Thickness (nm)

200
5 200
5 200
200
165
140
120

]
.6
9
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thin oxide films follow relation 3 with n = 2. Values of E

o ) L 7 can be obtained from the linear region of a (xhv)'? vs. hv
i plot, by extrapolation toward zero absorption. This proce-
20 | .' . dure was used in the present work, and the values of E,,
/ i as a function of oxygen flow are shown in Fig, 3. It can be
o seen in this figure that the optical gap increases with an
1 ' increase in ¢. Values of optical bandgap for the present
£ ] films are in the range 2.8 eV for low ¢ to 3.2 eV at high ¢.
& 15k ' B In what follows, the blue films deposited at low oxygen
E ) flows are called B-films, and the transparent films
i deposited at high oxygen flows are called T-films.
c
-~ E Lithium intercalation in the MoO, films was investigat-
QL : ed, as described in the Experimental section. The cell was
o ! o assembled in a dry box, and the initial open-circuit poten-
c 10} ! 7] tial (E,) before intercalation was measured. Figure 4 shows
Ke] . the results. The span in E, is 0.3 V. B-films have an E, more
= ! : ] positive than the values measured for the T-films. The
8 i ® range of electroactivity on potentiodynamic cycling is also
a E displaced for the different films, as is shown below.
8 5+ ! Figure 5a shows the j/E curve, obtained in potentiody-
: namic conditions, for a B-film (solid curve) and a T-film
I ' (dashed curve). Figures 5b and ¢ show the simultaneously
Region A 5 Region B
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0 2 4 6 8 - T — 7 T
Oxygen flow ¢, scc/min
3.24 E
Fii; 1. Deposition rate as a function of oxygen flow during sam- .\.
ple deposition. /
> B ° /. E
where d is the thickness of the film. In the high absorption “’_
region, the absorption coefficient « obeys the well-known Q. /
relationship® % 3.0 ° ]
ahv = B (hv — E,)" B 8 J
. a
where hv is the photon energy, B is a constant, E,, is the (@)
optical gap of the material, and the index n can assume
different values depending on the type of electronic tran- 2.8 ® .
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transitions. The optical properties of many amorphous
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measured optical density change (AOD, at A = 632.8 nm)
and the associated charge change (AQ), respectively. The
onset of the cathodic current is at 0.6 V for the B-film and
0 V for the T-film (Fig. 5a). For the B-film, AOD is 0.25 for
an inserted charge of 12 mC/em? This last value corre-
sponds to an inserted charge per unit volume of 6 X
10° mC/cm®. In this experiment, AOD is not a linear func-
tion of the inserted or extracted charge, as can be seen in
Fig. 6a. The coloration efficiency (defined as AOD/AQ) is
40 cm?/C at the beginning of the intercalation reaction and
falls to 16 em?/C after approximately 2.5 mC/cm? of inter-
calated lithium. In the anodic cycle, the coloration effi-
ciency is constant and has a value of —20 cm?/C for the B-
film. AOD for the T-film is much lower than the value
observed for B-films (Fig. 5b), even if more cathodic
potentials are attained at this scan rate. For the T-film,
AOD is 0.04 for an inserted charge of 4 mC/cm? (inserted
charge per unit volume of 3.3 X 10° mC/cm?®). The initial
coloration efficiency is 19 cm?/C and falls to 8 cm®/C after
1.5 mC/cm? of intercalated lithium (Fig. 6b). The col-
oration efficiency is constant in the cathodic cycle and has
a value of —15 ¢cm?/C, for the T-film. It can be seen from
Fig. 5b and c that the intercalation process is fully
reversible for the B-films since both the AOD and AQ are
closed curves. The T-film presented some irreversibility at
the conditions of this experiment. However, if the poten-
tial is held at the extreme anodic potential value for some
time, the optical density returns to the initial value, and
all inserted charge is extracted.

Figure 7a shows the j/E curve, also obtained in poten-
tiodynamic conditions, and Fig. 7b and ¢ show the simul-
taneously measured stress change (Ac) and the associated
charge change (AQ), respectively. Typical results for B-
films and T-films are shown in this figure. The scan was
reversed at a higher cathodic limit in comparison with the
results presented in Fig. 5. The onset of the cathedic cur-
rent is at 0.5 V for the B-film and at O V for the T-film

o 00F -
£

(&}

<€

E-01} -

= |

] [} L i 1 J(a)
02500 05 10 15 20
E,Vvs Ag

Fig. 5. Potentiodynamic experiment performed at 5 mV/s.
Sam%les were Moog,?';iin films deposited at & = 1.65 scem (solid
curve) or o = 8 scem {dashed curve). (a) Current density vs. poten-
tial; {b) optical density change at A = 632.8 nm vs. potential, and
{¢) charge change vs. potential.
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(Fig. 7a). Figure 7b shows an increase in the compressive
stress during the cathodic reaction, for both films. This
increase in compressive stress is associated with an in-
crease of the thin film global volume. The reverse process
is observed in the anodic cycle (Fig. 7b). For the B-film, Ao
attains the value 350 X 10° N m® (350 MPa), for an inser-
tion charge of 23 mC/cm?®. The stress change per unit
charge Ao/AQ is not constant on cycling (Fig. 8a). The ini-
tial value is Ac/AQ = 9 MPa mC . This value increases to
18 MPa mC™! after approximately 3.5 mC/cm?® of interca-
lated lithium. In the anodic cycle, Ac/AQ has the constant
value Ac/AQ = —40 MPa mC™". The stress developed by
the Tfilm is Ao = 210 MPa, for an insertion charge of
13 mC/cm?®. The initial value of Ac/AQ is 19 MPa mC™?,
increasing slightly to 22 MPa mC™ after 2.5 mC/cm® of
intercalated lithium (Fig. 8b). In the anodic cycle, Ac/AQ
is also constant for the T-film, and has the value Ac/AQ =
—26 MPa mC™. Also, neither the Ao vs. E curve nor the AQ
vs E curve is a closed figure at these deeper charge inter-
calation levels (Fig. 7b and c). It has to be pointed out that
the B-films used in the experiments described in Fig. 7
present a reversible behavior if the scan is performed with
the same cathodic potential limit of the experiments
described in Fig. 5.

Discussion

Figure 1 presents the behavior of the deposition rate
with increasing oxygen flows in the sputtering chamber.
According to reactive sputtering models,’ the molybdenum
oxide films deposited at low ¢ (region A, Fig. 1) come from
the oxidation reaction occurring at the substrate surface.
In region B (higher ), the oxide films are formed from
sputtering of molybdenum oxide generated at the target
surface.’ The initial increase in the deposition rate (region
A, Fig. 1) is not clear, although it was observed elsewhere."
A lowering in the film density with an increase of the oxy-
gen flow could explain these results. Also, a second expla-
nation could be that at the beginning of the deposition
process only metal atom’s are being deposited. An initial
increase in the oxygen flow causes an increase of the glob-
al sticking coefficient onto the substrate since the metal
atoms sticking coefficient is nearly constant, and the oxy-
gen atoms sticking coefficient increases with the increase
of . The decrease in the deposition rate at region B (Fig. 1)
is well studied. It is related to the oxidation kinetics tak-
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Fig. 6. Optical density change as a function of charge: {a} sample
deposited at ¢ = 1.65 scem and (b) sample deposited at ¢ = 8 scem.
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Fig. 7. Potentiodynamic experiment performed at 5 mV/s.
Samples were MoO, thin films deposited at ¢ = 1.75 scem (solid
curve} or ¢ = 8 sccm (dashed curve, same sample as in Fig. 5): (a}
current density vs. potential; (b} stress change vs. potential; and (c}
charge change as a function of potential.

ing place at the metal target’® '? and is mainly due to the
low sputtering yield of the oxidized target.

Films deposited at ¢ = 1.5 sccm are composed of metal-
lic Mo with oxygen in solid solution® and are not consid-
ered in this work. Values of the optical gap (Fig. 3) are in
the range 2.8 eV for low ¢ to 3.2 eV at high ¢, in good
accordance with the values observed for amorphous
molybdenum oxide films by Anwar and Hogarth.?
Polycrystalline powder a-MoO; has an E,,, = 3.2 eV. * The
polycrystalline «-MoO,; film has an E,,; = 3.1 eV, ** and the
values for the B-MoO, forms are E,, = 2.83 eV (powder)"*
and E,,,= 2.9 eV (film).” The blue color of films formed at
low ¢ (Fig. 2), and the low values of their optical gap
(Fig. 3) are clear evidence that they are substoichiometric
molybdenum oxide, with composition MoO,_, (0 <x < 1). *'°
With the increase of ¢, the oxygen vacancies (responsible
for both substoichiometry and the blue color of the films
deposited at low ¢) tend to disappear, and the composition
approaches that of the MoO, stoichiometry.

As has been shown in Fig. 4, the open-circuit potential
varies by 0.3 V when the oxygen flow varies from ¢ = 1.65
to ¢ = 8 sccm. The B-films have the most positive poten-
tials. As has been shown in Fig. 5 and 7, the range of elec-
troactivity on potentiodynamic cycling is also displaced
for the different films. We point out here that the observed
span, both in the optical gap and in the open-circuit
potential, are linked," since both are dependent on the
defective band structure of the material.

The following discussion addresses the behavior of the
electrodes under potentiodynamic cycling. The j/E curves
are smooth for both B- and T-films (Fig. 5a and 7a). This
behavior is typical of amorphous films where no defined
phase changes show up on intercalation.® The slow kinet-
ics of the redox processes in these films could also be
responsible for these smoothed curves.

For the B-films, lithium intercalation produces the
highest optical density and stress changes (Fig. 5b and b).
Smaller AOD and Ac values are systematically attained

2825

400 T T T ns T T T
(a) ()
200 1
300+ .
% 200 1%
z Z 100 ]
® ®
5 g
100 ;
0_ -
0_ 4
30 20 -0 0 42 -8 -4 0
AQ, mC em? AQ, mC cm?

Fig. 8. Siress change as a function of charge; (a) sample deposit-
ed at & = 1.75 scem and (b) sample deposited at & = 8 scem,

for the T-films. These results are in accordance with the
higher charge capacity for the B-films, in comparison with
the T-films. Substoichiometric amorphous molybdenum
oxide films, in fact, contain oxygen ion vacancies that are
positively charged structural defects. The higher charge
capacity observed for the B-films is due to the higher con-
centration of oxygen vacancies for films deposited at low
oxygen flows. From the optical viewpoint, B-films have a
larger concentration of optically active centers than T-
films do, since the electrochromism in substoichiometric
molybdenum oxide films proceeds through an electric
field assisted trapping of electrons at the positively
charged defects.’®

The coloration efficiency AOD/AQ is a measure of the
optical modulation per unit inserted or extracted charge.
The higher values of AOD/A® observed for B-films indi-
cate a higher absorbtivity for these films. It is hard to
explain this behavior since the mechanism of optical
absorption is not known for MoO, films. For the most
studied electrochromic material, WO, polaron absorption'
conveniently describes the electrochromism. Also, interva-
lence charge-transfer and absorption by color centers have
been pointed out as possible mechanisms.!

On the other hand, electrochromic materials are expect-
ed to obey the Lambert-Beer law. In this case, the col-
oration efficiency AOD/AQ should be constant during the
intercalation process. Our results showed that AOD/AQ is
not constant, being higher at the beginning of the cathodic
process for both B- and T-films (Fig. 6). During the electro-
chemical reaction, both electrons and ions are inserted into
the films. If charge neutrality exists during the reaction, the
reaction rate should be governed by the smaller diffusion
coefficient. Diffusion coefficients have been measured for
MoO, films. The lithium diffusion coefficient (D) is in the
range from 107" to 107 em?* s (Ref. 1). Also, D, is con-
centration dependent. An electron diffusion rate in evapo-
rated MoO, films of D, = 8 X 10™* cm? s~ was reported.’®
These results show that lithium diffusion into the films is
rate determining. The accumulation of lithium ions near
the film/electrolyte interface is the probable reason for the
nonlinear behavior of AOD/AQ in the cathodic cycle.

Stress variations, in the present experimental methodol-
ogy, are a measure of the radius of curvature of the sample.
Compressive stress (increase in Ac) is associated with a
global increase of the volume of the film. The fact that in
the anodic cycle Ao/AQ is lower for B-films than for T-
films is an indication that the amorphous B-film has a
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more open structure. The accumulation of lithium ions
near the film/electrolyte interface, due to the low D, and
its concentration dependence, can also explain the nonlin-
ear behavior of Ac/AQ in the cathodic cycle of the poten-
tiodynamic experiments (Fig. 8). In the anodic cycle, stress
changes show the relaxation of the system. In the experi-
ments described in Fig. 7, the intercalated charge is high-
er for the B-films, in comparison with that for the T-films.
Henceforth, the concentration of lithium ions near this
interface is higher for the B-film, which could explain its
higher Ac/AQ in the anodic cycle.

Finally, it has to be pointed out that the dependence of
the coloration capacity and the efficiency on the oxygen
content of thin oxide films has been observed by other
authors for MoO,? and WO,. * The OD change reported
for B-films is greater than the value obtained by other
authors, with similar films.*

Conclusions

In this work, we studied optical properties of as-grown
and lithium-intercalated amorphous molybdenum oxide
films. Stress changes during intercalation were also fol-
lowed. We summarize below the main conclusions.

1. Films deposited at low oxygen flows (B-films) are
substoichiometric molybdenum oxide with composition
MoO,_, (0 < x < 1). Films deposited at high oxygen flows (T-
films) approach the MoQ, stoichiometry.

2. B-films have a greater charge capacity, a greater con-
centration of optically active sites, and a more open struc-
ture when compared to T-films.

3. The coloration efficiency AOD/AQ and the mechanical
efficiency Ac/AQ are not constant in the potentiodynamic
experiments. A consequent conclusion is that the Lambert-
Beer law is not valid for deep intercalation levels.
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