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c Instituto de Quimica-UNAM, Circuito Exterior-Ciudad Universitaria, Mexico 04510, D.F., Mexico

Available online 5 October 2006

bstract

In this study, molybdenum oxide films were prepared in a horizontal hot-wall MOCVD apparatus using molybdenum dioxide acetylacetonate
s precursor. The molybdenum precursor was synthesized from acetylacetone and molybdenum oxide powder. Thermal gravimetric (TG) and
ifferential thermal analyses (DTA) of the precursor suggested the formation of molybdenum oxides around 430 ◦C (703 K). Thus, a range of
eposition temperatures varying from 350 to 630 ◦C (623–903 K) was explored to investigate the effects on the nature of the molybdenum oxide
lms. X-ray diffraction (XRD) results showed that the films consisted of �-MoO phase at deposition temperatures ranging from 400 to 560 ◦C
3

673–833 K). Crystalline �-MoO3 films can be obtained from molybdenum dioxide acetylacetonate precursor, without need of a post-annealing
reatment. The best crystalline quality was found in films having needle-like crystallites grown at deposition temperature of about 560 ◦C (833 K),
hich exhibit a strong (0 1 0) preferred orientation and a transparent visual appearance.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Molybdenum oxides have become of great technological
nterest because of their attractive optical, electrochromic and
atalytic properties [1–5]. Molybdenum oxide films exhibiting
variety in crystalline phases and surface morphologies are

esirables depending on the particular application. Molybdenum
xide deposits combining different crystalline phases and high
urface area are important in selective oxidation of methanol
nd ethanol [6]. In contrast, transparent, amorphous or crys-
alline MoO3 films are required in electrochromic devices [7,8].
o far, many methods to prepare molybdenum oxide films have
een explored including, thermal evaporation [9], RF sputtering
10], electron beam evaporation [11] and metal organic chemi-
al vapour deposition (MOCVD) [12]. Usually, the synthesis of
olybdenum oxide films requires a post-annealing treatment to

each a crystalline state. MOCVD, in particular, is an attractive

echnique for device integration because of its excellent con-
ormal coverage and low deposition temperatures. Additionally,

OCVD allows for a wide variety in morphologies and crys-
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alline qualities of films by controlling deposition conditions.
n this study, we report the preparation by MOCVD of trans-
arent and well crystallized �-MoO3 films without need of a
ost-annealing treatment using the molybdenum dioxide acety-
acetonate precursor.

. Experimental

.1. Synthesis of precursor

Molybdenum precursor for MOCVD experiments was synthesized from
oO3 powder (Fluka chemika) and acetylacetone (Aldrich). First, 50 ml

5 × 10−4 m3) of acetylacetone were added to 10 g (1 × 10−2 kg) of MoO3 pow-
er to react under reflux for 30 h (108 ks). The resulting solution was added
o 250 ml (2.5 × 10−3 m3) of toluene at room temperature for the precipita-
ion of unreacted MoO3, which was separated by filtering the solution. Then,
he solution was heated under nitrogen atmosphere leading to the evapora-
ion of toluene and the precipitation of molybdenum dioxide acetylacetonate
MoO2(CH2COCH2COCH)2); [MoO2(acac)2 for short]. The red brown prod-
ct was analyzed by IR and 1H NMR techniques to confirm the formation of
oO2(acac)2.

.2. Preparation of films
The molybdenum oxide films were prepared on amorphous glass substrates
y decomposition of MoO2(acac)2 precursor in a horizontal hot-wall MOCVD
eactor. The precursor was evaporated at 200 ◦C (473 K) and its vapours were
arrier into to the reactor by nitrogen gas using a gas flow rate of about 100 sccm

mailto:rvargasga@ipn.mx
dx.doi.org/10.1016/j.jallcom.2006.08.227
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1.6 × 10−6 m3/s). The deposition temperature (Tdep) was explored from 350
o 630 ◦C (623–903 K) and the total pressure (Ptot) was kept constant at 1 Torr
133.32 Pa). The deposition time was fixed at 30 min (1.8 ks). A Jeol JSM-
300 scanning electron microscope (SEM) was used to observe the surface
orphology. The crystal structure was investigated by X-ray diffraction (XRD)

sing a Siemens diffractometer (model D5000) with Cu K� radiation. Thermal
ravimetry (TG) and differential thermal analyses (DTA) of the MoO2(acac)2

ere carried out in a SETARAM (model SETSYS12). The IR spectrum was
ecorded on a Nicolet FT-1 Magna 750 Fourier Transform instrument using
ressed disks of mixed KBr and MoO2(acac)2 powders. The 1H NMR spectrum
as recorded on a Jeol Eclipse +300, in which chemical shifts (ppm) were

elative to the TMS.

. Results and discussion

The IR spectrum for the synthesized MoO2(acac)2 (not
hown here) displayed two significant bands at 918 and
46 cm−1 (9.18–9.46 m−1) corresponding to the characteristic
tretching vibrations of the cis-MoO2 arrangement. Addition-
lly, the 1H NMR spectrum exhibited singlets at 2.12 and 2.14δ

ssignable to the two sets of inequivalent methyl groups in the
olecule of MoO2(acac)2 [13]. Fig. 1 shows the TG and DTA

urves for the MoO2(acac)2 precursor. The TG curve (dashed
ine) indicates three different stages of mass change as a func-
ion of temperature. The first stage, below 190 ◦C (463 K), was
ttributed to the loss of adsorbed water and remained organic
olvent. The exothermic peak at about 185 ◦C (458 K) may arise
rom the competition between exothermic and endothermic pro-
esses related to the evaporation and combustion of the toluene
sed in the precursor synthesis. The second stage between 190
nd 370 ◦C (463–643 K) was assigned to the decomposition of
oO2(acac)2 molecule releasing gaseous C H O organic com-

ounds consistently with endothermic peak of the DTA curve.
t higher temperatures, a third stage of mass stability suggests
o decomposition with loss of volatile products, but an oxidation
rocess supported by the DTA exothermic peak at about 430 ◦C

703 K). As the formation of molybdenum oxides takes place
s a gradual process covering a range of temperatures, centered
round 430 ◦C (703 K), the deposition temperature for obtaining
xide films was explored from 350 to 630 ◦C (623–903 K).

Fig. 1. TG and DTA curves of the synthesized MoO2(acac)2 precursor.
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ig. 2. XRD patterns of molybdenum oxide films prepared at different deposi-
ion temperatures.

Fig. 2 depicts the XRD patterns of films prepared at Tdep from
00 to 560 ◦C (673–833 K). Films were obtained from 350 ◦C
623 K), however, no observable XRD characteristic lines were
isplayed, suggesting the formation of amorphous and/or very
hin films. Nevertheless, films prepared at Tdep = 400 ◦C (673 K)
xhibited low intensity XRD lines at 2θ = 12.6◦, 25.8◦ and 39.1◦
orresponding to the (0 2 0), (0 4 0) and (0 6 0) planes of the �-
oO3 phase according to the JCPDF 5-508 card. This implies

hat films exhibit a strong (0 1 0) preferred orientation. Fur-
her increase in deposition temperature up to 560 ◦C (833 K),
ave rise to well-defined XRD �-MoO3 lines. Films prepared
t Tdep = 500 ◦C (773 K), in particular, showed a polycrystalline
ature of the �-MoO3 films since additional XRD lines belong-
ng to different (h k l) planes of the �-MoO3 phase appear along
ith those of (0 k 0) planes. Higher deposition temperature;
dep = 630 ◦C (903 K), led to the formation of different oxide
hase such as Mo4O11. No films were obtained at higher temper-
tures, probably to the evaporation of the MoO3 phase because
f its high vapour pressure at low temperatures. Thus, XRD
esults demonstrate that �-MoO3 is the stable phase directly
btained in the as-deposited condition from MoO2(acac)2 pre-
ursor at Tdep = 400–560 ◦C (673–833 K). These results are con-
istent with the oxidation process suggested by TG and DTA
urves in the temperature range of 400–650 ◦C (673–923 K). In
ddition, it was observed that appearance and color of films
trongly depended on substrate temperature, changing from
luish color at Tdep = 400 ◦C (673 K) to completely transparent
t Tdep = 560 ◦C (833 K).

The SEM images, in Fig. 3, illustrate the influence of the
eposition temperature on surface morphology and crystallite
ize of molybdenum oxide films prepared on amorphous glass

ubstrates. The coarse needle-like crystallites (2–4 �m in diam-
ter) observed in Fig. 3a (Tdep = 400 ◦C (673 K)) contrast with
he quasi-spherical crystallites (∼1 �m in diameter) in Fig. 3b;
dep = 500 ◦C (773 K). Additionally, there is an obvious change
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ig. 3. SEM images of the surface morphology of �-MoO3 films as a function
833 K).

o the needle-like shape again at Tdep = 560 ◦C (833 K). These
eedle-like crystallites show a smaller size, less of 1 �m in diam-
ter. Previous reports indicate that films consisting of MoO3
rystallites exhibit typically needle-like, flake-like or quasi-
pherical shapes depending on the annealing temperature, usu-
lly 200–600 ◦C (473–873 K) [7,8,12]. In this study the surface
orphology change was attributed to the differences in MoO3

rystallites orientation forming the films; that is, films prepared
t Tdep = 400 (673), 450 (723) and 560 ◦C (833 K) have needle-
ike crystallites that show markedly (0 1 0) preferred orientation,
n the other hand, films prepared at Tdep = 500 ◦C (773 K) exhibit
uasi-spherical crystallites of random orientation. Differences in
rystalline orientation could be associated with different depo-
ition rates, which mainly depend on deposition temperature
nd precursor concentration [14]. As deposition temperature
as carefully controlled, it follows that precursor concentra-

ion might be changed probably to slightly differences in the
xperimental setting.

. Conclusions

In this work, it has been demonstrated that uniform and well
rystallized �-MoO3 thin films can be grown by MOCVD on
morphous glass substrates without the need of a post-annealing
reatment using the MoO2(acac)2 precursor. In particular, films

rown at Tdep = 560 ◦C (833 K) exhibit the best crystalline qual-
ty with (0 1 0) preferred orientation and a transparent visual
ppearance. This type of films has promising features to be
pplied in electrochromic devices.

[
[
[

deposition temperature. (a) 400 ◦C (673 K), (b) 500 ◦C (773 K) and (c) 560 ◦C
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