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Characterization of iron oxide thin film 
prepared by the sol-gel method 
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Thin films consisting of 7-Fe203 particles were prepared by a spin-on process using a solution 
of iron (111) nitrate dissolved in ethylene glycol. Film thickness was observed to be controlled 
by the solution viscosity as well as the revolution of a spinner. Local structures around iron 
ions in the solution were studied by extended X-ray absorption fine structure spectroscopy 
and the formation of an (FeOx) n cluster was deduced. A film thus prepared was confirmed to 
consist of finely divided 7-Fe203 particles by TEM observation. Magnetic and optical proper- 
ties of the films are briefly discussed. 

1. Introduction 
Aiming at the discovery of novel properties of a solid 
surface, extensive studies have been reported on the 
preparation and characterization of solid thin films. In 
most of the studies the films were prepared by dry 
methods such as the evaporation of metals in vacuo 
[1-4], sputtering with ionized inactive gases [-5-8] 
and chemical vapour deposition [9-12]. Although 
these dry methods are preferred for the production of 
ultra-thin films, < 10 nm, wet methods, such as dip- 
ping a substrate into solutions containing metal ions 
[13-15] and a spin-on process [16, 17] have often 
been employed for the preparation of thin films with 
submicrometre thickness. 

A wet method using sol or gel suspension solutions 
was first reported by Schroder [18], and further 
developed by Dislich [19-21], Sakka [22, 23] and 
Yoldas E24, 25] with their colleagues for the produc- 
tion of silica, barium titanate and alumina thin films, 
respectively. Recently, the preparation and character- 
ization of iron oxide thin films has been carried out by 
dipping a glass plate in sol or gel solutions containing 
iron ions [26, 27"], but as yet the techniques to control 
the film thickness have not been developed. 

In the present work iron oxide thin films consisting 
of fine maghaemite (7-Fe203) particles were prepared 
by spin coating a gel suspension consisting of iron ions 
and ethylene glycol oligomers. The film thickness was 
prone to be controlled by the viscosity of the suspen- 
sion solution as well as the spinning revolution. Local 
structure around the iron ions in the gel suspension 
was monitored by extended X-ray absorption fine 
structure (EXAFS) spectroscopy to deduce the mech- 
anism of the formation of finely divided maghaemite 
particles, that is, the constituent of iron oxide thin 
films [28]. 
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2. Experimental procedure 
2.1. Preparation of thin films 
The films employed in this work were prepared by 
spin coating a gel solution of iron(III) nitrate dis- 
solved in ethylene glycol. The gel was prepared in a 
three-port flask by stirring the solution at 80~ in 
flowing nitrogen. With stirring time, the viscosity of 
the solution increased, measured at 25 ~ by a rotating 
viscometer (Tokyo Seiki Co., Visconic E.L.D.). The 
concentration of Fe(NO3)3 "9H20 in the solution was 
kept to 15 wt % in all experiments. 

A few droplets of the gel solution were poured over 
a glass plate (38 m m x  26 mm x 1 ram), spinning at 
the correct rate under infrared light irradiation to heat 
the glass plate during spinning. The spinning revolu- 
tion could be varied from 1400 to 4000 r.p.m, and 
spinning was carried out for 10 min in each run. The 
glass plate thus coated was dried in an oven at 110 ~ 
for 15 min, followed by calcination in air at various 
temperatures for 5 h. 

2.2. SEM and -rEM observation 
The calcined sample was submitted to SEM (scanning 
electron microscope, Hitachi, Model 650-X) with a 
magnification of x 4000 under an accelerating voltage 
of 15 kV. A part of the calcined films was removed 
from the glass plate and suspended in ethanol with the 
aid of a supersonication. Some of the finest part of the 
suspension was pipetted on to a microgrid for TEM 
(transmission electron microscope, Hitachi Model 
H-800), operated at an accelerating voltage of 200 kV 
with a magnification of x 105 

2.3. Measurement of film thickness 
Some of the films were submitted to a surface rough- 
ness tester (Nihon Shinkugijutsu Co., DEKTAK), 

497 



equipped with a diamond probe. On the basis of 
the thickness thus obtained, the thicknesses of the 
other films were calculated from the transmission of 
visible light ()~ = 51"0nm) through the films using 
Lambert-Beer's law. All the samples employed for 
thickness measurements were calcined at 450~ 
for 5 h. 

the stirring time is shown in Fig. 1, the concentration 
of iron nitrate being 15 wt %. The viscosity was meas- 
ured at 25 ~ by pipetting a small amount of the 
sample solution at 80 ~ into a glass vial to be rapidly 
cooled to 25 ~ The accuracy of temperatures during 
the viscosity measurements is guaranteed within 
_+0.5 ~ 

2.4. EXAFS measurements  
A small amount of the gel solution was placed between 
two sheets of organic thin films and subjected to 
EXAFS measurements. The EXAFS spectrometer em- 
ployed consists of a rotating anode X-ray generator 
(Rigaku RU-200), a Johansson cut and bent LiF(2 2 0) 
crystal and a solid state detector. In the analysis of the 
EXAFS spectra, the oscillatory part was subtracted 
and was converted to k space and Fourier trans- 
formed by the standard procedures [29, 30]. The least- 
squares curve fitting with the back-transformed oscil- 
lation in k space was performed using Teo and Lee's 
parameters, with the formula derived from single- 
scattering theories [31, 32]. 

2.5. Magnetic properties of films 
Magnetization and coercive force of the films calcined 
at various temperatures were measured by a vibrating 
sample magnetometer (Toei Kogyo Co., VSM-2) with 
80 Hz vibrating frequency and a magnetic field up to 
2 T. All the measurements were carried out at room 
temperature. Note that magnetization of the glass 
plate (diamagnetic) was small enough to be ignored in 
the present work. 

2.6. Optical properties of films 
The transmissions of near infrared and visible lights 
through the films calcined at various temperatures 
were measured in the wavelength ranging from 300 
to 2000 nm at room temperature (Hitachi, Mono- 
chromater 330). 

2.7. X-ray diffraction measurements  
X-ray diffraction patterns of the dried and calcined 
films were measured by a diffractometer (Rigaku, 
Geigerflex), operated at 30 kV with a filament current 
of 15 mA using a nickel filter for CuK~ radiation. 

2.8. Surface area of films 
The surface area of the films calcined at 450 ~ for 5 h 
was measured by BET method using nitrogen at its 
liquid temperature and was compared with the surface 
area of iron oxide powders prepared by evaporation 
and pyrolysis of the gel solution at 450 ~ 

3. Results 
3.1. Change in viscosity of solution 
Increase in the viscosity of the solution of iron 
nitrate(III) dissolved in ethylene glycol at 80 ~ with 
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3.2. Control of film thickness 
Fig. 2 shows the thickness of films prepared by a 
solution containing 15 wt % iron nitrate with the 
viscosity of a gel solution. The film thickness was 
found to increase with increase in the viscosity but 
decrease with increasing spinner revolution. Arrowed 
marks in Fig. 2 indicate that the thickness was meas- 
ured by a surface roughness tester. 

3.3. SEM and TEM observations 
A scanning electron micrograph of a typical film 
calcined at 450~ for 5 h (85 nm thick) is given in 
Fig. 3, indicating almost homogeneous surface struc- 
ture in all parts of the film, though a few small holes 
and cracks were still observed. Fig. 4 shows a trans- 
mission electron micrograph of the film, 85 nm thick. 
It was found that the film is composed of finely divided 
spherical particles. It should be mentioned that the 
mean particle size in the film is estimated to be 
100 nm, being very close to the film thickness, 85 nm. 

3.4. EXAFS analysis 
Figs 5 and 6 show the changes in the Fourier trans- 
forms of the EXAFS as the reaction proceeds, as well 
as an EXAFS spectrum of the gel solution (formed 
after stirring for 10 h) and the associated -Fourier 
transform. The inverse Fourier transform of the sec- 
ond peak in Fig. 6 and the best-fit curve assuming 
Fe-O-Fe and Fe-O-C structures are given in Fig. 7, 
where the nearest coordination number of the iron 
atom around the central absorbing atom (N), the 
interatomic distance (R), Debye-Waller factor (~) 
were determined to be 4, 0.307 nm, and 0.0081 nm 
respectively, by assuming the mean free path of photo- 
electron (X) to be 0.6 nm. 

3.5. Magnet ic  properties of the films 
Magnetization curves of the films calcined at 350, 400, 
450 and 500~ for 5 h are shown in Fig. 8a to d, 
respectively. The film thickness is estimated to be 
85 nm, as mentioned above, when calcined at 450 ~ 
for 5 h. The temperature dependence of the saturation 
magnetization of films is given in Fig. 9. The highest 
coercive force observed was around 250 Oe*, being 
achieved for the films calcined at 450 ~ The satura- 
tion magnetization increased gradually on increasing 
the calcination temperature to 450~ and then de- 
creased at temperatures higher than 500 ~ 

* l O e = � 8 8  x 103Am -1. 
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Figure 1 Change in the viscosity of ethylene glycol solution contain- 
ing 15 wt % of(a) iron(III), (b) nickel(II), and (c) cobalt(III) nitrates 
with the stirring time at 80~ the viscosities were measured at 
25 ~ 

3.6. Optical properties of films 
Absorption spectra of films dried at 110 ~ and cal- 
cined at various temperatures are shown in Fig. 10, 
where higher than 90% transmittance in the near- 
infrared region is observed for all the films employed 
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Figure 2 Change in the thickness of films calcined at 450 ~ with the 
viscosity of solution and the spinning rate; arrows indicate that the 
thickness was measured with a surface roughness tester. 

here. The shift of the absorption edge with the calcina- 
tion temperature is depicted in Fig. 11. 

3.7. XRD measurements 
XRD patterns of the films calcined at 350, 400, 450 
and 500 ~ are given in Fig. 12a to d, respectively. No 
diffraction peaks were observed for the films calcined 
at temperatures lower than 450~ indicating the 
presence of amorphous or finely divided y-Fe203 
particles in these films, while for the films calcined at 
500~ a tiny diffraction peak due to cz-Fe20 3 was 
confirmed, suggesting that the phase transition of 7- 
Fe20 3 to ~-Fe203 occurred around 500 *C. 

Figure 3 Scanning electron micrographs of the film calcined at 450 ~ The film (85 nm thick) was prepared from a gel solution with a 
viscosity of 50 cP at 25 ~ 
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Figure 4 Transmission electron micrographs of y-Fe20 3 particles, 
i.e. constituents of films with 85 nm thickness. Films were prepared 
from the gel solution with a viscosity of 50 cP and calcined at 450 ~ 
for 5 h. 

3.8. Surface area of films 
Table I summarizes the BET surface areas of the 
85 nm thick calcined films and of iron oxide powders 
prepared from the gel solution by vacuum evapora- 
tion and calcination at 450~ for 5 h. The large 
surface area of the calcined films was confirmed. 

4, Discussion 
During stirring the solution of Fe(III) nitrate dis- 
solved in ethylene glycol at 80 ~ the viscosity of the 
solution increased. The increase in viscosities of the 
solutions of nickel and/or cobalt nitrates dissolved in 
ethylene glycol was not observed even after prolonged 
stirring for 70 h, as shown in Fig. 1 for comparison. 
This suggests that Fe(III) ions are effective catalysts 
for the polymerization of ethylene glycol. Because the 
local structures around Fe(III) ions in the solution are 
of fundamental importance to the understanding of 
the reaction, EXAFS measurements were carried out. 
Only one peak which should be assigned to the Fe-O 
bond is observed in the Fourier transform of the 
EXAFS of Fe(III) nitrate immediately after the dis- 
solution in ethylene glycol at 80~ As the reaction 
proceeds by stirring, a second peak shows up and 
gradually increases in intensity, as shown in Fig. 5. 
Two models for the reaction can be conceived; one is 
that the Fe(III) ions are not only catalysts but also 
reactants to react with ethylene glycol, leading to the 
formation o f - F e - O - C -  structures. The other is that 
Fe(III) ions are merely the catalysts of ethylene glycol 
polymerization and some of the iron ions are enclosed 
by the resulting polymer chains, followed by aggrega- 
tion of the iron ions, probably being hydrated ions. 
Hence, the local structures around the iron atoms are 
expected to be -Fe -O-Fe -  in this model. To deter- 
mine which is the case, a least-squares fit calculation 
was attempted to obtain the best-fit curve to the 
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Figure 5 Change in the Fourier transforms of EXAFS of the 
solution with stirring time at 80 ~ (a) Immediately after dissolution 
of iron nitrate, and after stirring for (b) 2 h, (c) 3 h and (d) 5 h. 

inverse Fourier transform of the second peak in Fig. 6 
by assuming carbon or iron as a back-scatterer. It is 
evident that the calculation for Fe-O-Fe structure 
confirms the observation, but that for the Fe-O-C 
structure does not, as shown in Fig. 7. Consequently, 
the formation of (FeOx), clusters surrounded by poly- 
mer chains is expected during stirring of the solution 
of iron(III) nitrate dissolved in ethylene glycol. Many 
of these clusters further coagulate to form finely divi- 
ded iron oxide particles when the films were calcined. 
The reasons why the resultant iron oxides are mag- 
haemite are, however, still ambiguous, though we have 
already reported the formation of tiny maghaemites as 
the precursors of iron metal particles in Fe/SiO 2 
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Figure 7 Inverse Fourier transform ( ) of the second 
peak in Fig. 6, and the least-squares fit calculation ( . . . .  ) 
assuming (a) Fe-O-C and (b) Fe-O-Fe structures, respect- 
ively. 

catalyst  p repared  by hydrolysis  of  the mixed solut ion 
of i ron(II I )  ni trate in ethylene glycol and te t rae thoxy-  
silane [-33]. 

The films p repared  are of consistent thickness with 
the viscosities of the gel solutions and with the spin- 
ning revolutions,  as is given in Fig. 2. The  relat ionship 
between film thickness, viscosity of the solution and 

the rate of raising the glass plate f rom the solution has 
been established for the produc t ion  of thin films by 
dipping methods  [34, 35]; t = K(T1 v/pg), where P and 
rl are the density and viscosity of solution, respect- 
ively, v is the rate of raising the glass plate and g is the 
acceleration of gravity. Thus,  the film thickness in- 
creases with increasing the raising rate of the glass as 
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in a similar manner to that mentioned in Fig. 4. 
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Figure 10 Absorption spectra of the film dried at (a) 
110 ~ and of the films calcined at (b) 350 ~ and (c) 500~ 
for 5 h, respectively. Films were prepared in a similar way 
to that mentioned in Fig. 4. 
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Figure 12 XRD spectra of the films calcined at (a) 350 ~ (b) 400 ~ 
(e) 450 ~ and (d) 500 ~ respectively; the films were prepared in a 
similar manner to that mentioned in Fig. 4, and the arrows in the 
figure indicate the diffraction peaks due to c~-Fe/O 3. 

T A B L E  I BET surface areas of the film (85 nm thick) shown in 
Fig. 3 and of the iron oxide powder; the preparation conditions of 
the iron oxide powder are given in the text 

7-Fe203 y-Fe203 
film powder 

BET surface 
80 25 

area (m 2 g 1) 

well as the viscosity of the solution. On the analogy of 
the dipping methods, the raising rate is expected to be 
substituted by the spinning revolution in a spin-on 
process. This however, was not the case because the 
film thickness was observed to increase with decreas- 
ing spinner revolutions (see Fig. 2). Thus, the raising 
rate and the spinner revolution have an opposite effect 

on the control of film thickness. In the present work, 
the thickness of iron oxide films was proved to be 
controlled in the range between 30 and 300 nm. 

Although the holes and cracks on the films are 
emphasized in the scanning electron micrograph 
(Fig. 3), the surface of the present films is so smooth 
and fewer holes and cracks on the films were detected. 
A transmission electron micrograph, shown in Fig. 4, 
is evidence that the film is composed of finely divided 
iron oxide particles with a homogeneous size; 100 nm. 
Because the thickness of the film used in the TEM 
observation was estimated to be around 85 nm, nearly 
equal to the particle size, it might be possible to say 
that some parts of the film consist of single-layer 
dispersion of the iron oxide particles. The uniform size 
of the particles is attributed to the homogeneous 
dispersion of (FeO~), clusters in the solution. As can 
be seen in Table I, the specific surface area of the iron 
oxide particles is as large as 80 m; g-  1, measured by 
removing the films from the glass plates. The mean 
particle size of iron oxide is estimated to be 100 nm 
and the density of y-Fe20 3 is 5.15 gcm -3, hence, the 
specific surface area can be calculated assuming that 
the particles are quite smooth spheres; S = 6/pd, 
where p and d are the density of y-Fe20 3 and the 
diameters of the spherical particles, respectively. The 
calculated surface area is 11.7 m E g-  1, much less than 
that observed (80 m z g-~). This means that the iron 
oxide particles, which construct the films, are rather 
porous spheres. The iron oxide particles constituting 
the film are finely divided spheres, resulting in no 
structural magnetic anisotropy. 

The magnetization curves of the film calcined at 
various temperatures are given in Fig. 8, indicating the 
lowest coercive force of all the films employed, though 
the maximum of 250 Oe was measured for the films 
calcined at 450 and 500~ At present, the films 
prepared here would not be available for practical use 
as magnetic memories because of such low coercive 
forces [36, 37], while the saturation magnetization of 
the film increased with increasing calcination temper- 
ature, up to 450~ where 52 e.m.u./g Fe20  3 was 
obtained. Because the saturation magnetization of 
bulk y-Fe203 is ~7 5 e .m .u g  -1, the fraction of 
y-Fe203 species in the film was calculated to be 70%. 
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Increase in the saturation magnetization with increas- 
ing calcination temperature is elucidated in terms of 
the growth of tiny y-Fe20 3 particles, and the decrease 
on calcination at 500~ (Fig. 9) is ascribed to the 
phase transition of y - F e 2 0  3 to ~-FezO 3 (haematite) 
1-38, 39]. Evidence for this phase transition was ob- 
tained by X-ray diffraction measurements, as shown in 
Fig. 12, where the diffraction peak assigned to 
~-Fe20 3 was observed for the films calcined at 500 ~ 
For the films calcined at temperatures lower than 
450 ~ no diffraction peaks were observed, suggesting 
that the fine maghaemite particles observed by SEM 
will be coagulated by much smaller crystallites of 
maghaemite. These are too small to be detected by 
X-ray diffraction measurements. 

Higher than 90% transmittance of near-infrared 
light was obtained for the present films (see Fig. 10). 
The high transparencies of the present films originated 
from the high qualities, such as fewer vacancies (holes 
and cracks) in the films and homogeneous dispersion 
of finely divided maghaemite particles. Because 
y-Fe20 3 has a considerably large magneto-optical 
Faraday effect (OF = -- 2.2 X 104 deg cm- 1 at 
X = 442 nm) [40, 41], the films prepared could be used 
as a magneto-optical recording medium, if their coer- 
cive forces are improved to some extent. Shifts of the 
absorption edge to higher wavelength with the calci- 
ning temperature are shown in Fig. 11. For the dried 
films the absorption edge was observed to be 365 nm 
and shifted to 395 nm with increasing calcination 
temperature up to 200 ~ being ascribed to the evap- 
oration of ethylene glycol remaining in the dried films. 
It should be noted that the boiling point of ethylene 
glycol is 198 ~ A constant wavelength of the adsorp- 
tion edge was observed for films calcined at temper- 
atures from 200 to 400 ~ Shifts of the absorption 
edge were again observed when the films were calcined 
at temperatures higher than 450 ~ probably because 
of the formation of ~-Fe203 in the films. 

5. Conclusions 
1. Thin iron oxide films, mainly composed of finely 

divided y-Fe20 3 particles, were simply prepared by 
spin coating the gel solution of iron(Ill) nitrate dis- 
solved in ethylene glycol. 

2. Local structure around iron(Ill) ions in the gel 
solution was proved to be (FeOx), clusters by EXAFS 
measurements. 

3. Iron oxides in the films were spherical particles, 
leading to no structural magnetic anisotropy. Thus, 
the coercive forces observed for the present films were 
poor. 

4. The films were found to be transparent for near- 
infrared, suggesting fewer vacancies and a high disper- 
sion of iron oxides in the present films. 
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