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Transition metal oxides (TMO) with their multiple ox-
idation states present a wide range of interesting prop-
erties based on electron transition between these states
[1]. Amongst these are the chromogenic properties,
wherein one can induce a reversible optical property
change under the influence of various stimuli such as
an electric field (electrochromic, EC), light impinge-
ment (photochrome, PC), heat (thermochrome, TC),
and gas exposure (gasochromic, GC) [2]. A vast amount
of research work is dedicated to the study of the elec-
trochromic (EC) effect in various TMOs [3]. Most of the
research attention has been paid to the study of tungsten
trioxide (WQ3), which has been found to be an excel-
lent candidate exhibiting an efficient reflectance and
absorption modulation depending on the structure and
phase of the film. Much of the current work is directed
toward improving the coloration efficiency of the TMO
thin films. It has been found in these WO3 [4] and other
films [5] that the nanostructuring of the films renders
them highly electrochromically efficient. The molybde-
num oxide (MoQOj3) thin films, on the other hand, have
received a comparatively insignificant amount of re-
search attention, despite their EC performance parallel-
ing that of WOj3 films. Molybdenum oxide (MoO3) thin
films which exhibit a cathodic coloration under lithium
ion/electron double injection, have a fairly high mixed
ion-electron conductivity. The optical change that oc-
curs in these films can be represented as follows [6]:

MoOs(clear) + xLit + xe™ < Li,MoOj3(colored)

where, under the double insertion of x number of
lithium ions and electrons (e™) the clear film of MoOj
is transformed reversibly into dark blue colored bronze,
Li,MoOj3. Not much work has been carried out to exam-
ine the effect of micro or nanostructuring of the MoO3
thin films [7] on its electrochromic performance. In this
work the electrochromic performance of RF sputtered
nanostructured MoQOjs films has been studied by our lab-
oratory developed dry lithiation method. Here, instead
of the separate insertion of lithium ions and electrons as
indicated earlier, neutral atoms of lithium are injected
into the film under study [8]. This study of dry lithiation
has been applied for the first time on MoQOj3 films. The
structural evolution and electrochromic coloration with
lithium insertion have been studied.

The molybdenum oxide (MoO3) thin films used in
this study were prepared on clean glass substrates by
r.f. magnetron sputtering using a molybdenum oxide tar-
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get (purity 99.99%). Three films with varying thick-
ness studied here were prepared at a pressure of 2.5 x
1073 Torr, and using a water-cooled cold finger in the
presence of Ar—O, mixture at an Arto O; ratioof4 to 1.
The film thickness and the optical constants were deter-
mined from a laboratory built reflection/transmission
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Figure 1 Optical constants (n, k) for the three samples as determined
by the reflection/transmission ellipsometry.
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ellipsometer and a thin film analysis software. The
three samples with a thickness of 210.6 nm (Sample 1),
162.5 nm (Sample 2), and 252.6 nm (Sample 3) were
deposited at the rate of approximately 0.2 nm/s. Dry
lithiation was achieved by exposing the samples un-
der vacuum to neutral lithium atoms emanating from
lithium niobate (LiNbOs3) heat-treated from a tungsten
filament. The degree of such lithiation was measured by
noting the change in the quartz crystal thickness (effec-
tive mass) and calibrated against the electrochemical
insertion to arrive at the actual charge inserted [8]. A
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Digital Instruments Nanoscope (Dimension 3100) was
used to study the film structure.

In Fig. 1 are given the optical constant (n, k) val-
ues for the three samples as determined by the reflec-
tion/transmission ellipsometry. The nature of n and k
variation in all the three samples is quite similar, al-
though Sample 2 exhibits a slightly inferior n value
compared to the other two samples. Taking the refer-
ence of the 632-nm wavelength, the three samples ex-
hibit an n value of between 2 and 2.05 compared to
the most commonly reported bulk value of 2.2 at this
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Figure 2 Atomic force micrographs of Sample 1 with the insertion of: (a) 0 nm, (b) 2.5 nm, (c) 5 nm, (d) 10 nm, (e) 15 nm and (f) 20 nm of lithium.
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wavelength. Hence, the film density can be expected to
be quite close to that of the bulk in these samples.

The atomic force micrographs (AFM) indicated
a fairly comparable nanostructure in the three as-
deposited samples studied (see, for example, Fig. 2a).
The average grain size of the samples was found to
vary between 48 and 60 nm. The AFM images shown
for Sample 1 (Fig. 2) with the intercalation of lithium
clearly indicate the evolution of the film nanostructure.
The average grain size of the 48 nm found in Sample
1 in the as-deposited state seems to inflate gradually to
50 nm (2.5 nm Li), 85 nm (5 nm Li), 180 nm (10 nm
Li). Further lithium insertion beyond 10 nm, as can be
seen in this figure, seems to distort the surface structure.
This is seen for the case of 15 and 20 nm. This distortion
seems to precipitate large particles with an average size
of 420 nm on the surface, as seen for the insertion of 20
nm of lithium. An effective mass of 10 nm corresponds
to the insertion of 6.25 mC/cm? of lithium charge in-
sertion. Hence, it seems at least at the surface level that
the lithium insertion saturates between 10 and 15 nm
of effective mass thickness.

The normal state optical properties and the optical
changes occurring in the as-deposited film with the
lithium insertion are shown in Fig. 3 in the form of
transmission (7°) spectra. All the three samples exhibit
a very high degree of transmission throughout the spec-
tral region studied. With increasing lithium insertion,
a very effective absorption band spanning the higher
visible and lower NIR region develops. As can be seen
from this figure, bulk of the optical modulation is con-
centrated in the wavelengths region between 300 to
1400 nm in all the three samples. In Sample 1, which
exhibits the most efficient coloration, the optical mod-
ulation increases gradually with increasing quantity of
lithium and seems to approach saturation beyond the
insertion of 15 nm. This is to some extent consistent
with the AFM film surface observations. The reflec-
tion spectra (not shown here) do not seem to change
significantly except for the surface effects and the sup-
pression of the interference in the visible wavelengths
due to increasing absorption. However, there is a large
variation in terms of the nature of this optical modula-
tion between the three samples studied. In Sample 2,
the optical modulation peak is found to move slightly
to lower wavelengths with lithium insertion. The satu-
ration here is achieved much earlier, i.e., with the inser-
tion of 10-nm mass thickness of lithium, as compared
to Sample 1. Lithium insertion beyond this point seems
to change the coloration only in the mid-visible region.
The optical modulation in this region saturates clearly
around 15 nm. Sample 3 exhibits the most dissimilar op-
tical behavior under lithium insertion. With increasing
lithium insertion the modulation peak seems to move
toward higher wavelengths and the optical change sat-
urates for 10-nm lithium insertion. With further lithium
insertion, no further changes are seen anywhere in the
spectral region studied.

In order to get a better idea of the optical modula-
tion behavior, the coloration efficiency (CE), which is
defined [3] as the ratio between optical density change
(AOD =log (Tuncolored! Tcolored)) and the charge inserted
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Figure 3 Transmission spectra of the various MoOj3 thin films with the
lithium insertion of: (a) O nm, (b) 2.5 nm, (¢) 5 nm, (d) 10 nm, (e) 15 nm
and (f) 20 nm.

(Q), is given for the three samples for the charge in-
sertion of 12.5 ¢cm?/C i.e., 20 nm of effective mass
thickness. As can be seen from Fig. 4, the coloration
efficiency is the most effective for Sample 1, reach-
ing a peak value of around 40 cm?/C, at the wave-
length of about 750 nm. Sample 2 exhibits a similar
spectral nature of modulation but with a much-reduced
efficiency. The peak CE value that occurs at a wave-
length of 625 nm is found to be around 30 mC/cm?.
On the other hand, in Sample 3 it is seen that the CE
peak moves to higher wavelengths with a peak value
of around 30 cm?/C centered around the wavelength of
850 nm. Hence, it is clear that Sample 1 exhibits the
most efficient coloration both in terms of its effective-
ness and the wavelengths span over which this occurs.

Dry lithiation, which is a convenient method to char-
acterize the electrochromic behavior, has been em-
ployed for the first time to intercalate the MoOj3 thin
films and to follow the structural and optical evolu-
tion of these films. Experimental work concerning the
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Figure 4 Coloration efficiency (CE) of the various MoO3 samples
calculated for the insertion of 20-nm lithium.

chromogenic property dependence on the film thick-
ness of sputter deposited MoOs thin films has been
carried out. The nanostructure of the as-deposited film
and the evolution of it as a function of lithium insertion
have been studied with three different film thicknesses.
From the study of the optical changes it has been found
that there is an optimum thickness in sputter deposited
MoO3; films, which gives a broadband and intense op-
tical modulation. It has also been found that the AFM
structural study can be used to get an idea of the re-
versible regime of lithium insertion and EC coloration.
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More work on these films is currently being carried out
to examine these implications by detailed ellipsometric
and electrochemical methods.
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