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The MgO (200) surface is widely used as a substrate for epitaxial growth of superconducting and
ferro-electric films. Highly oriented, single crystalline, extremely flat and transparent MgO films have
been successfully deposited on quartz substrates by the chemical spray pyrolysis technique using eco-
nomically viable metal organic and inorganic precursors under optimized conditions at the substrate
temperature of 600 �C. Thermal analysis (TGA/DTA) in the temperature range 30–600 �C with the heating
rate of 10 �C/min revealed the decomposition behavior of the precursors and confirmed the suitable
substrate temperature range for film processing. The heat of reaction, DH due to decomposition of metal
organic precursor contributed additional heat energy to the substrate for better crystallization. The inten-
sity of the (200) peak in X-ray diffraction (XRD) measurements and the smooth surface profiles revealed
the dependency of precursor on film formation. The compositional purity and the metal–oxide bond for-
mation were tested for all the films. UV–Vis–NIR optical absorption in the 200–1500 nm range revealed
an optical transmittance above 80% and the absorption edge at about 238 nm corresponding to an optical
band gap Eg = 5.25 eV. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) micro-
graphs of MgO films confirmed better crystallinity with larger grain size (0.85 lm) and reduced surface
roughness (26 nm), respectively.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The refractory oxide magnesia finds many attractive applica-
tions in diverse fields. Most of the existing qualities of MgO like io-
nic conductivity, thermal and chemical stability make these films
useful as a buffer layer for depositing ferro-electric and supercon-
ducting films on various substrates because of the lattice matching
(0.4212 nm) of majority of overlaying films. Among the available
planes of the MgO lattice, the (200) surface has been subjected
to numerous studies because it finds many applications in the epi-
taxial growth of metals [1–4] and superconductors [5–7]. Since
MgO crystallizes in NaCl structure with fcc lattice (space group
Fm3m), it can be easily synthesized along (200) plane, for which
surface energy is much lower than any other orientations [8]. Re-
ll rights reserved.
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cently, MgO films have been implemented as a protective dielectric
coating in plasma display panels (PDPs) [9,10]. It was reported that
the performance of the MgO protective layer also depends on the
preferred orientation of the film [11]. Unfortunately, bulk MgO
crystal substrates are often imperfect due to their quality and sub-
sequently the films grown on their surfaces can be affected by sur-
face roughness, miscut, distribution of domains and curvature [12].
These problems can easily be solved by replacing single crystal
substrates with highly oriented (200) MgO thin films.

During the last few decades, several preparation methods for
MgO films have been reported such as pulsed laser deposition
[13], magnetron sputtering [14], chemical vapor deposition [15],
chemical spray pyrolysis [16] and electron beam evaporation
[17]. Among these, the chemical spray pyrolysis method has sev-
eral advantages over other methods such as relatively low cost,
easy composition control, large area deposition and the higher
growth rate. Recently, the spray pyrolysis method emerged as a
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Fig. 1. Spray pyrolysis set-up.
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viable deposition process capable of producing nano-sized parti-
cles of oxide and sulfide materials, very receptive to heat treatment
and pyrolysis [18,19].

Even though MgO ceramic layers have been grown on different
substrates by using various precursors, the effect of precursors on
the growth of oriented films on quartz substrate has not been re-
ported in detail and compared in the context of the spray pyrolysis
process. Since the effects of the lattice matching across the film/
substrate interface are excluded, the film growth on amorphous
substrates may give us substantial information about the growth
characteristics of the MgO crystal lattice itself. The main objective
of the present study is to prepare MgO films with (200) preferred
orientation by using economically viable magnesium acetate, mag-
nesium nitrate, and magnesium chloride as the starting materials,
and by spraying through a simple aerosol spray nozzle onto quartz
substrates.

2. Experiment

In the present work, a downward spraying system was used to
deposit MgO thin films using different metal organic/inorganic
precursors. The starting materials used for thin film preparation,
their concentration and all other related parameters are given in
Table 1. The precursor solution was prepared by sol–gel processing
of the salts, in ethanol separately using an acid catalyst to stable
the solutions. Ethanol was used as the principal solvent and trieth-
yleneglycol (TEG) was added as an additional solvent to facilitate
high temperature processing [20]. Precursor flow rate was con-
trolled with an adjusting valve and filtered air was administered
as carrier gas whose flow rate was monitored with a flow meter.
The substrate was positioned on a stainless steel platform of the
furnace and heated to desired temperature up to a maximum of
1000 �C. The distance between the spray nozzle and substrate
was set at an optimized value of 30 cm. An atomizer was kept
above the substrate to obtain a soft, low-velocity spray and uni-
form distribution of micronized droplets (Fig. 1). The optimized
deposition parameters for the preparation of MgO thin films in
the present study are summarized in Table 1. Prior to deposition,
the quartz substrates of size 10 mm � 25 mm were initially
cleaned with hot chromic acid and then rinsed, respectively with
acetone, methanol and propane-2-ol. Finally they were ultrasoni-
cally cleaned in deionized water. MgO films were prepared in a
temperature controlled tubular furnace, where temperature can
be controlled to an accuracy of ±0.1 �C.

All the depositions were carried out in atmospheric air. The film
thickness was measured using Stylus profiler (Mitutoyo SJ-301).
The deposition rate was estimated from the deposition time and
the thickness of the film. Typical deposition rate of MgO films were
between 40 and 50 nm/min for the precursor flow rate of 5 ml/min.
Table 1
Starting precursors and optimized deposition conditions for the preparation of MgO
thin films

Spray parameters Values

Starting precursors Mg(CH3COO)2 � 4H2O
Mg(NO3)2 � 6H2O
MgCl2 � 6H2O

Precursor concentration 0.15 M
Precursor volume 50 ml
Substrate Quartz
Substrate temperature 600 �C
Solution feeding rate 5 ml/min
Carrier gas pressure 0.4 kg/cm2

Solvent 95% Ethanol with TEG
Nozzle-substrate distance 30 cm
Deposition time 10 min
The thermal stability, constituent composition of each precursor
and the compounds formed at various transition regions were ana-
lyzed using the thermogravimetry analysis (TGA) and differential
thermal analysis (DTA) [Perkin Elmer, Diamond]. The effect of pre-
cursor on the preferentially oriented growth of MgO films was
studied on X-ray diffractometer (X’pert Pro) using the CuKa radia-
tion. From the full width at half maximum (FWHM) of the XRD
peaks, the average grain size in the MgO film was estimated. The
Mg–O bonding and vibrational modes were studied by Fourier
transform infrared spectroscopy (FT-IR). The FT-IR spectra were re-
corded in the range of 400–4000 cm�1, with spectral resolution of
4 cm�1. The elemental composition of the film was analyzed using
energy dispersive X-ray (EDX) spectrometer attached with the JEOL
JSM-35 CF SEM instrument. Prepared films were much transparent
whose transmittance behavior was analyzed at RT using the UV–
Vis–NIR spectrophotometer (Hitachi-3400), and the optical band
gap energy of the resulted films was estimated from the Tauc plot
drawn. Surface morphology of the film was analyzed using the
micrographs obtained from scanning electron microscope (JEOL
JSM-35 CF) and atomic force microscope (Nanoscope-E AFM/STM).

3. Results

3.1. Thermal decomposition behavior of the precursors

Fig. 2 shows the typical thermograms of the starting precursors:
(a) magnesium acetate, (b) magnesium nitrate and (c) magnesium
chloride decomposed in air at atmospheric pressure. The results
obtained from thermogravimetry indicates that the decomposition
of all the hydrated precursors are not similar in air atmosphere in
the entire temperature range studied (30–600 �C).

The TGA curve of magnesium acetate (Fig. 2(a)) is essentially a
three steps process. The thermal decomposition reaction follows
the stoichiometry [21]:

Mg(CH3COO)2 � 4H2O!Mg(CH3COO)2 + 4H2O,



Fig. 2. TGA/DTA thermograms of the starting precursors: (a) magnesium acetate (b)
magnesium nitrate and (c) magnesium chloride.
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Mg(CH3COO)2 !MgCO3 + (CH3)2 � CO,

MgCO3 !MgO + CO2.

The first mass loss occurs over the temperature range 61–
168 �C; the mass loss of 31.64% is slightly less than the loss of four
moles of water per mole of salt (33.60%). The second stage begins
at about 168 �C, proceeded slowly up to 346 �C, and then the reac-
tion became extremely rapid, leading to a final loss of 40% releasing
acetone in vapor phase. This value is nearly same as that predicted
for the formation of crystalline magnesium oxide due to the
decomposition of magnesium carbonate releasing carbon dioxide.

The mass loss curve of Mg(NO3)2 � 6H2O is illustrated in
Fig. 2(b). The decomposition mechanism leads to the liberation of
NO2 in gaseous phase according to the reaction:

2[Mg(NO3)2 � 6H2O]! 2MgO + 4NO2 + 12H2O.

DTA curves however are discontinuous line, and subtle mass
changes are emphasized in which minor reactions occur during
or near a major reaction. On the other hand, similar curves for
MgCl2 � 6H2O are shown in Fig. 2(c). The decay mechanism of the
precursor released HCl gaseous product according to the reaction:

MgCl2 � 6H2O! MgO + 2HCl + 5H2O.
As seen, water of hydration is not removed completely, only five
moles of water is evolved and the remaining water reacts with the
precursor and produces intermediate compound and so subtle
mass changes are seen in the thermogram. Reaction with one mole
of water is revealed as,

MgCl2 + H2O!Mg(OH)Cl + HCl,

Mg(OH)Cl!MgO + HCl.

Due to this reaction of precursor with water, additional inflection
points are seen in the thermogram.

The decomposition temperature of the anhydrous salts to mag-
nesium oxide was different and this may be due to the marked devi-
ations in this physico-chemical and material properties, especially
due to the melting point of 323, 95, 180 �C for the acetate, nitrate
and chloride salts respectively. Because of low melting point, the
nitrate and chloride salts react with water during dehydration
and resulted in the formation of new intermediate compounds.
These intermittent compounds on absorbing heat, then decom-
posed during transformation showing more endothermic peaks,
and hence no horizontal mass loss level is observed in these ther-
mograms. However, the acetate salt having high melting point
323 �C, after dehydration, exhibits a horizontal mass loss region
followed by a sharp exothermic peak marking a heat evolved
decomposition process at 343 �C leading to the formation of MgO.

Integration of the area under a DTA curve provides a direct
measurement of the change in enthalpy (DH) of the sample for a
thermally induced transition [22] according to the equation,

A ¼ �kmDH; ð1Þ

where ‘A’ is the area under an exothermic/endothermic peak, ‘k’ is
the instrumental constant, ‘m’ is the mass of the sample and ‘DH’
is the change in enthalpy of reaction. For the same sample mass,
in nitrate and chloride samples, the broad endotherms with a neg-
ative change in heat capacity is an indication of non-crystalline
rearrangements, fusion or solid state transitions for the relatively
impure residue, magnesium oxide. This has been further confirmed
by the ‘second order or glass’ transition observed as a base line shift,
which denotes some disorder within the system. The exothermic/
endothermic heat exchanges during decompositions are indicated
by arrow marks in Fig. 2. However, the acetate salt exhibits narrow
exotherm with less glass transition, which accelerates crystalliza-
tion leading to a stable system. These arguments are explicitly sup-
ported by the enthalpy values calculated as �641.8, �189.9 and
+1741.77 kJ/mol from the endothermic and exothermic peaks
observed for the MgCl2 � 6H2O, MgNO3 � 6H2O and Mg(CH3COO)2 �
4H2O precursors, respectively.

3.2. X-ray diffraction analysis

Fig. 3 shows the typical X-ray diffraction patterns of the MgO
films prepared from the acetate (a), nitrate (b) and chloride (c) pre-
cursors, keeping the deposition parameter constant as given in Ta-
ble 1. X-ray diffraction pattern of the MgO powder sample is also
given for comparison. Regarding the MgO films prepared from ace-
tate and nitrate precursors, they show crystalline nature and their
crystallization is almost preferentially oriented along (200) direc-
tion. Moreover, the intensity of MgO (200) peak obtained from the
acetate precursor is high compared to the peak intensity of the film
prepared from the nitrate precursor. The films obtained from the
chloride precursors were nearly amorphous due to the intermit-
tent reactions, which produced additional compounds as it readily
reacts with water under normal atmosphere conditions. The crys-
tallite size was determined using Scherrer formula [19], by mea-
suring the FWHM of the (200) peak



Fig. 3. XRD pattern of the sprayed MgO films derived from the precursors: (a)
magnesium acetate, (b) magnesium nitrate and (c) magnesium chloride.

Fig. 4. FT-IR spectrum of the MgO film derived from (a) magnesium acetate prec-
ursor, (b) magnesium nitrate and (c) magnesium chloride precursors.
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D ¼ Kk

cos h
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � b2

0

q ; ð2Þ

where K = 0.94, k is the wavelength of incident X-ray radiation
(1.542 Å for CuKa), b the intrinsic full width at half maximum of
peak, b0 the integral peak width caused by instrumental broadening
and h is the Bragg’s diffraction angle of the respective XRD peak.

3.3. FT-IR and composition analysis

Fourier transform IR spectra were recorded for all the MgO thin
films prepared from the three precursors in the range 400–
4000 cm�1. Fig. 4(a)–(c) shows the FT-IR spectra of the MgO films
deposited from the acetate, nitrate and chloride precursors. The
spectrum pertaining to MgO film prepared from acetate precursor
(Fig. 4(a)) shows that the band appearing at �3634 cm�1 of the as-
deposited film reveals the presence of the weakly hydrogen
bonded hydroxide ions (due to the c (OH) mode) [23,24]. The peak
at 1228 cm�1 is assigned to the deformation band in water. These
bands are due to hydration, originated from the precursor and sol-
vent or from exposure to the atmosphere. It is well known that H2O
molecules are chemisorbed onto the film surfaces when exposed to
the atmosphere. Therefore, a small amount of impurity is likely to
be incorporated in the film during its exposure to atmospheric
ambient. The appearance of the two strong bands due to the c
(Mg–O) mode at 533 and 485 cm�1 in the FT-IR spectra is a clear
evidence for the presence of crystalline MgO. This implies that
the MgO films prepared using acetate precursor is nearly stoichi-
ometric and consist of traces of hydration. Similar observations
on the MgO films prepared using the nitrate and chloride precur-
sors (Fig. 4(b) and (c), respectively), showed strong and additional
bands due to impurities that aroused due to the intermittent reac-
tion of the compound during decomposition. Moreover, the FWHM
of the peak at 485 cm�1 of the acetate-derived film is narrow;
showing narrow distribution of vibrational energy. This in turn
indicates the increase in crystallinity with larger grain size [25],
which is already confirmed through the XRD results.

In support of this FT-IR observation, the EDX spectrum (Fig. 5) of
stoichiometric MgO surface prepared at 600 �C on the quartz sub-
strate using the acetate precursor shows only the magnesium and
oxygen peaks appear at the positions with the binding energy 1.27
and 0.54 keV, respectively. The atomic percentage of Mg and O
present in the film are calculated and are found to be 1.00:1.03
showing perfect stoichiometry of the film surface. This result is
far better than that derived for the MgO films deposited from the
nitrate and chloride precursors.

3.4. Optical transmittance and band gap

The study of optical properties was done based on the experi-
mental transmittance measurements [26] of the MgO films depos-
ited using the three starting precursors. It is observed from Fig. 6
that the MgO films deposited using acetate precursor exhibits
sufficiently high transmittance above 80%, where as the films
prepared with nitrate and chloride precursors have less transmit-
tance. The functional dependence of (ahm)2 vs. hm for the insulator
films is accessible to measure the optical band gap. It is known
that for a large number of semiconductor/insulator thin films in
crystalline or amorphous form, the dependence of absorption



Fig. 5. EDAX spectrum of MgO films deposited using acetate precursor at 600 �C.

Fig. 6. Optical transmittance spectra of MgO films prepared from (a) acetate (b)
nitrate and (c) chloride precursors.

Fig. 7. (aht)2 vs. ht curves of MgO films prepared from (a) acetate (b) nitrate and (c)
chloride precursors (dotted line curves provide the optical band gap energy
directly).
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co-efficient ‘a’ upon the photon energy hm for optically induced
transitions takes the form,

ahm ¼ Aðhm� EgÞn; ð3Þ

where ‘Eg’ is the optical band gap, ‘A’ is a constant, and ‘hm’ is the
photon energy, while ‘n’ depends on the nature of the transition.

For direct transitions, n = 1/2 or 3/2, while for indirect ones n = 2
or 3, depending on whether they are allowed or forbidden respec-
tively. The dependence of (ahm)2 on the photon energy should re-
sult in a straight line intercepting the abscissa at hm = Eg [27]. In
our case, the best linear fit of (ahm)2 vs. hm was obtained for n = 1/
2 as shown in Fig. 7. This exponent n = 1/2, indicates that the ob-
tained MgO thin films are wide band gap insulators with allowed
direct transitions. The calculated optical band gap value ‘Eg’ is
5.25 eV for the acetate-derived MgO film, which is obviously much
less compared with the bulk value (>7 eV). MgO films deposited
from the nitrate and chloride salts exhibited lower band gap values
of 4.68 and 4.45 eV, respectively. However, the transmittance val-
ues of these films are very low, about 65% and 55%, respectively.

3.5. Surface morphology and microstructure

SEM observations show the surface morphology of MgO thin
films that correlates the profound changes with the starting pre-
cursors. Films prepared using magnesium acetate has a uniform
surface morphology with square/rectangular grain like structures
over the surface (Fig. 8(a)). The average grain size of about
0.85 lm with out the usual cracking behavior associated with
spray pyrolysis revealed the good quality of the films compared
to the MgO films prepared with other precursors (Fig. 8(b) and
(c)). The peak to peak roughness is only in the range between
1500 Å and 2000 Å. Optical transparency is therefore higher in
the films deposited with magnesium acetate precursor.

Further, Fig. 9 shows the AFM images of MgO thin films synthe-
sized from three different starting precursors. AFM images re-
solved the nano-size particulate microstructure of the films.
Fig. 9(a) shows that, MgO films prepared from acetate precursor
nucleated as individual spherical islands, which shows near atom-
ically flat terraces with low step density. The RMS roughness of the
film surfaces are calculated relative to the least-square fitted line of
the surface profile. It is expressed in an equation as,

RMS roughness ¼ Sqrt
1

NL

XNL

i¼1

Z2
i ðxÞ

" #
; ð4Þ

where ‘NL’ is the number of discrete measurement points on the
profile and ‘Z(x)’ is the height deviation of the profile from a
least-square fitted line.

RMS roughness values were determined (nanoscope III, DI soft-
ware) for all the films and are found to influence by the use of pre-
cursors. The RMS roughness of the acetate-derived MgO thin film



Fig. 8. SEM Micrographs of MgO film processed from (a) acetate (b) nitrate and (c)
chloride precursors.

Fig. 9. AFM images of MgO surfaces prepared with (a) acetate (b) nitrate and (c)
chloride precursors at 600 �C.
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surface is about 26 nm, meaning that the MgO films grown are flat-
ter and parallel to the quartz substrate surface. AFM images of the
MgO surface attained from other precursors (Fig. 9(b) and (c)) ap-
pear granular with irregularly shaped grains and therefore had
comparatively large surface roughness, 37 nm and 48 nm for the ni-
trate and chloride precursor, respectively. Also it is evident that the
grain size of the acetate-derived film is higher than that of the films
prepared from chloride and nitrate precursors. These observations
are consistent with the results of the XRD and FT-IR studies.
4. Discussion

In order to identify a suitable precursor for preparing preferen-
tially oriented single crystalline MgO thin films, the chemical pro-
cesses involved during the transformation from metal organic/
inorganic compound to metal oxide have been investigated from
the recorded thermograms (TGA/DTA) in air atmosphere. From
the observed weight loss and the heat flow processes associated
with the different chemical transformations occurring during the
transition to metal oxide, it is evident that the thermogravimetric
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behaviors of the three starting materials chosen in the present
study are entirely different from each other. According to various
theories on DTA [28–30], the area under the exothermic or endo-
thermic peak is proportional to the heat of reaction or transition
and the mass of reactive sample. Comparatively, acetate precursor
has large area exotherm with less glass transition, an indicative of
possible crystalline rearrangements. This observation suggests that
the reaction is complete in all respect leading to the formation of
the expected final stoichiometric oxide compounds. In addition,
the exothermic feature serves as a means of qualitative identifica-
tion of the substance, where the sample temperature leads the ref-
erence temperature because of the exothermic heat evolved from
the sample. These observations clearly indicate that magnesium
acetate could be a suitable precursor for the preparation of magne-
sium oxide thin films than the other two precursors.

The observed sharp peak in the MgO film prepared from acetate
precursor may be attributed to the exothermic reaction that
triggers the decomposition of the precursor which provided the re-
quired quantity of heat energy leading to a complete crystallization
as evidenced from the TG/DTA plots and the formation of stoichi-
ometric metal oxide.

It is interesting to note that the crystallite size of MgO films ob-
tained from the acetate precursor was larger (52 nm) than the film
prepared from nitrate precursor (41 nm). This increased crystalline
nature and crystallite size might have been associated with the
exothermic reaction observed in acetate precursor as evident from
the (200) XRD peak whose intensity is high and width is narrow.

The observed two strong bands of c (Mg–O) mode in the FT-IR
spectra confirm the formation of stoichiometric MgO films which
is further supported by the EDAX analysis as well. The observed
change of the optical band gap with precursors can be explained
on the basis of the density of states model proposed by Mott and
Davis [31]. Accordingly, the width of the localized states near the
mobility edges depends on the degree of disorder and defects pres-
ent in the deposited MgO films. The presence of a high concentra-
tion of localized states in the band structure of less crystalline and
amorphous films is responsible for the low values of energy gap.
The reduction in the number of defects in the well crystallized
MgO film prepared from acetate precursor, decreases the density
of localized states in its band structure, consequently increasing
its optical band gap to a maximum value of 5.25 eV.

It is inferred from the SEM images that the surface quality is
highly dependent on the nature of precursor. AFM studies on sur-
face morphology also support this and the grain size variation is
consistent with the crystallite size variation observed from XRD
peak analysis.

5. Conclusions

Magnesium oxide films were prepared by the spray pyrolysis
technique using various types of metal organic/inorganic precur-
sors as the starting material. Though the films prepared from ace-
tate and nitrate precursors exhibited, the same typical cubic
structures for the MgO compound, (200) peak intensity of the
samples derived from nitrate precursor was less compared to
the acetate samples. These variations were reflected in the grain
size measurement, which shows that fully crystallized and highly
oriented film formation is favored when acetate precursor is used.
Surface characterization revealed that the films prepared from the
acetate precursors were smooth and denser accompanied with a
high transmittance in the visible and near IR range of the spec-
trum. The optical band gap of acetate-derived film is 5.25 eV,
which is higher than the values reported for other samples. It
can be concluded that the microstructure of the MgO surfaces
deposited using acetate precursor, revealed the (200) oriented
growth of smooth surfaces of single crystalline nature without
any crack that are suitable for the growth of epitaxial layers and
devices.
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