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Abstract— Thin films of cobalt ferrite (CFO) with nanocrystalline grains were deposited on single crystal Si(100) substrate 
using pulsed laser deposition. The effects of substrate temperature on structural and magnetic properties of CFO thin thin 
films have been systematically studied. The films showed enhancement in crystallinity and increase in grain size with the 
increase in substrate temperature. The magnetic properties (saturation magnetization and coercivity) of CFO thin films were 
influenced strongly by the substrate temperature and may be ascribed to grain growth of CFO thin films as revealed by 
AFM study. The varied magnetic properties of CFO thin films may be useful for possible applications.  
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I. INTRODUCTION 
 
Thin films of spinel ferrite [AFe2O4: where A is 
divalent atom] have shown enormous interest among 
the researchers due their potential applications in 
several technological fields such as electronic 
devices, microwave devices and information storage 
[1–3].  Among spinel ferrites, cobalt ferrite 
(CoFe2O4; CFO) with inverse spinel structure in 
which half of Fe3+ ions occupied the tetrahedral A 
sites and the other half, along with Co2+ ions 
positioned at the octahedral B sites have attracted 
considerable attention due to its exceptional 
properties such as large magneto crystalline 
anisotropy, high coercivity, high permeability and 
relatively low conductivity at high frequencies [4-5].  
There had been several methods such as spray 
pyrolysis, RF sputtering and pulsed laser deposition 
(PLD) etc. used for the deposition of cobalt ferrite 
thin films. The structural, magnetic and magneto-
optical properties of cobalt ferrite thin films deposited 
by said methods have been described in various 
reports in recent past. Among these methods, the PLD 
has been used more frequently for the deposition of 
ferrite thin films due to its competence to reproduce 
the target composition with precise control of 
stoichiometry. In recent study, Raghunathan et al. [6] 
have reported the pulsed laser deposited thin films of 
CoFe2O4 on SiO2/Si(100) substrate at different 
substrate temperature ranging from 250 to 600 °C. It 
has been observed that the deposited thin films have a 
substantial perpendicular magnetic anisotropy. It has 
been believed that the observed results were 
attributed to thermal expansion mismatch between the 
film and the substrate. Additionally, many research 
groups have focused their study on improving the 
coercivity and investigating the magnetic anisotropy 
in CoFe2O4 thin films 
In the present work, we report the structural, 
magnetic and morphological properties of 
nanocrystalline Cobalt ferrite thin films deposited on 
Si(100) substrates by using PLD.  

II. EXPERIMENTAL METHODS 
 
The CoFe2O4 target was synthesized by the solid state 
reaction route. Thin films of CFO were deposited for 
20 minutes on Si (100) substrates  by using PLD 
technique. The third harmonic (532 nm) of Nd: YAG 
laser with 10 Hz repetition rate was used. A typical 
energy fluence of the focused laser beam on the target 
was optimized as 2.5 J/cm2 at the time of deposition. 
The target to substrate distance was kept as 4.5 cm.  
These films were deposited at different substrate 
temperatures of 400 °C, 600 °C and 800 °C. The 
crystal structure of the samples were investigated 
using grazing angle X-ray diffraction using  Rigaku 
Smart Lab X-ray diffractometer [CuKα1=1.5406 Ȧ]. 
The magnetic measurements were performed by 
using vibrating sample magnetometer (VSM, Versa 
Lab). Surface morphology of these films were 
analyzed by using atomic force microscope (AFM) 
using the N9410-90001 Agilent 5500 SPM.  
 
III. RESULTS AND DISCUSSION 
 
X-ray diffraction (XRD)  
Fig. 1 shows the XRD patterns of the thin films 
deposited at 400 ºC, 600 ºC and 800 ºC of substrate 
temperatures by PLD. The XRD peaks were observed 
for all these films and indexed to single phase of 
CFO. The relative intensities of the XRD peaks 
observed for these films are tabulated in table 1. It is 
clear from the figure and table that the film grown at 
400 ºC shows three peaks an addition to the substrate 
peaks of Si. These peaks are indexed to (220), (311) 
and (440) of CFO. It is to be noted that the 100% 
intensity peak of bulk CFO i.e. (311) is also 100 % 
intensity peak in thin film, while the relative intensity 
of second higher intensity i.e. (440) is increased from 
36.18 % in bulk to 44.68% in thin film. The relative 
intensity of third peak (220), however, is observed to 
be smaller than the bulk value and is 25.53%. Film 
deposited at a substrate temperature of 600 °C, also 
shows same XRD peaks as observed in case of the 
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film deposited 400 °C, but the relative intensity of 
(220) and (400) has been increased in comparison to 
the film deposited at 400°C. The film deposited at 
highest substrate of 800 °C shows one more peak 
corresponding to (400) reflection in additional to the 
peaks observed for the films deposited at lower 
substrate temperatures suggesting increase in 
crystallinity at elevated substrate temperatures. The 
calculated value of lattice parameter was close to the 
bulk and in the range of 8.427 Å to 8.428 Å 
Vibrating sample magnetometer (VSM)  
The magnetic studies (magnetization vs magnetic 
field, M-H loops) of the CFO thin films have been 
carried out in parallel configuration i.e. the magnetic 
field was applied parallel to the surface of thin films 
at room temperature. Figure 2 shows M-H loops of 
the films deposited at temperature 400 °C, 600 °C 
and 800 °C.  The CFO thin films deposited at all 
substrate temperatures of 400 °C, 600 °C and 800 °C, 
show clear loop with opening. For calculating the 
value of saturation magnetization (4πMs), a tangent 
line was drawn from the high-field loops to the zero 
field and intercept on y-axis (M-axis) was considered 
as value of saturation magnetization i.e. 4πMs. The 
value of 4πMs for the CFO thin film deposited at 
lowest substrate temperature was calculated to 1040 
G. When the substrate temperature is increased to 600 
°C, this 4πMs value increased 1100 G, which further 
gets increased to 1590G for the highest substrate 
temperature of deposition. In addition, coercivity 
value (Hc) of CFO thin films also increase from 900 
Oe to 950 Oe with the increase in substrate from 400 
to 800°C.  

 
Figure 1: X-ray diffraction pattern of cobalt ferrite 
thin film deposited in presence of oxygen atmosphere 
at different oxygen pressures (XRD of bare Si 
substrate is shown for comparison). 

Table 1: Relative intensities of different (hkl) planes 
of CoFe2O4 (ICDD File no. 22-1086), target, and thin 
films deposited on Si substrate at different substrate 
temperatures (Ts) 

 
 

 
 Figure 2  Magnetic hysteresis loops (M-H) of 
CoFe2O4 thin films deposited at (a) 400 °C (b) 600 °C 
and (c) 800 °C. 

 
Zhou et al. [11] in their study have grown CFO thin 
films on single crystal Si substrate at different 
substrate temperatures and oxygen pressures ranging 
from 350 °C to 700 °C and 0.001 to 0.1 mbar 
respectively. The films deposited at lowest substrate 
temperature of 350 °C and 2.2 Pa (0.022 mbar) of 
oxygen pressure showed three XRD peaks which 
were indexed to (111), (311) and (400) peaks. When 
the substrate temperature was increased the relative 
intensities of the peaks (311) and (400) reduced while 
that of the peak (111) increases. At highest substrate 
temperature of 650 °C, the film had shown (111)-
preferred orientation with very low intensity of (311) 
and (400) reflections. The value of lattice constant 
was observed to be close to the bulk value (99.98%) 
for the films deposited in entire temperature range. In 
addition, the grain size estimated using XRD data 
was found to increase with the increase in substrate 
temperature. The authors, also observed an XRD 
peak of very low intensity attributed to cobalt or iron 
silicate at highest deposition temperature of 700 °C 
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indicating diffusion of cobalt or iron into substrate at 
higher substrate temperature and therefore the 
deposition temperature was restricted to 650 °C, 
while studying the effect of oxygen pressure in CFO 
thin films. The films deposited at various oxygen 
pressure 0.1 Pa to 10 Pa (0.001 mbar to 0.1 mbar) and 
650 °C showed increase in (111) line with the 
increase  in oxygen pressure and attributed to the 
grains with higher energy ablated by the laser, which 
have enough mobility to find their proper positions 
onto the thermal substrate. V. Bilovol et.al. [9] 
studied that CoFe2O4 films, deposited on Si [(100) or 
(111)] substrates by pulsed laser deposition by 
varying substrate temperature and deposition time. 
The diffractograms of all films showed (111) as 
preferred orientation for cobalt ferrite films with a 
low intensity of the (311) reflection. Raghunathan et. 
al. [10] had grown cobalt ferrite thin films on SiO2 / 
Si(100) substrates using pulsed-laser deposition 
technique at substrate temperatures ranging from 250 
to 600 °C. The CFO thin films grown at low substrate 
temperature of 250 °C reported to show 

�polycrystalline nature with preferred (111)-texture 
with some 311 reflections, whereas, at higher 
temperatures of 600 °C, films prefer to grow in (100) 

�and (311) orientation. In this report, the thermal 
expansion mismatch between the film and substrate 
have shown a substantial effect on the magnetic 
properties of the cobalt ferrite films, due to the large 
magnetoelastic coupling of cobalt ferrite. In M-H 
measurements, the value of magnetization was found 
to increase with the increase in substrate temperature 
and probable reason reported due to variation of 
amounts of oxygen vacancies and varying cation site 
occupancies of Co and Fe. Interestingly, the value of 
magnetization was dropped by 10% from its peak 
value for the film deposited at 600 °C. Also the value 
of magnetization was reported lower (42.5 % to 
67.5%) than the bulk value. In addition, the CFO thin 
films were observed to have a substantial 
perpendicular magnetic anisotropy, which decreased 
with decreasing substrate temperature. In surface 
morphology study recorded by atomic force 
microscope (AFM) showed that the rms surface 
roughness was around 3 nm for all samples and the 
grain size was found to increase from 25 nm to 
100nm with the increase in substrate temperature.  
Similar to above results, the CFO thin films grown in 
the present work at low substrate temperature show 
XRD peaks with low intensity which increase when 
films are deposited at higher substrate temperature by 
PLD. This establishes the fact that the substrate 
temperature is one of the important process parameter 
for the growth and crystallization of CFO thin films 
in PLD on silicon substrate. As shown by figure 2, 
the 4πMs is observed to lower than the bulk and 
increases from 1040 G to 1590G with the increase in 
substrate temperature from 400 °C to 800 °C. The 
coercivity first decreases 900 Oe to 500 Oe with 
increase in temperature from 400 ºC to 600 ºC and 

increase 950 Oe when temperature increases 600 ºC 
to 800 ºC. In order to see the changes in structural 
and magnetic properties that occur in CFO thin films 
as a function of substrate temperature (Ts), 
morphological studies have been carried out using 
atomic force microscope (AFM).  The two-
dimensional AFM image of the films deposited at 
different temperatures are shown in Figure 3. The 
images also depict the vertical scale and the change 
of colour over the image indicates the thickness 
variation. As seen from the figure, the AFM image of 
the film deposited at 400 °C is smooth and no 
evidence of grain growth is observed. For the film 
deposited 600 °C, the AFM image shows some 
granular growth of CFO thin films and the average 
grain size measured was ~16nm. At 800 °C, the 
average grain size is further increased to a maximum 
value of 55 nn suggesting growth of grains if 
substrate temperature is increased. During scanning 
of AFM images, the number of scans from different 
areas of the films has been undertaken. It is seen from 
these scans that there is hardly any droplet 
contamination (which is one of the draw back in 
PLD) suggesting good quality growth of CFO thin 
film.   

 

 

 
Figure 3: Two-dimensional AFM images of CoFe2O4 
thin films grown at (a) 400°C, (b) 600°C and (c) 
800°C of substrate temperature. 
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CONCLUSION 
 
The cobalt ferrite thin films were successfully 
deposited on Si(100) substrate using pulsed laser 
deposition technique. The effects of process 
parameters substrate temperature and  oxygen partial 
pressure on structural and magnetic properties have 
been systematically studied. The films deposited at 
400 ºC shows two peaks (311) and (440) of CFO, 
however, films deposited at higher substrate 
temperature of at 800 ºC, the textured revealed by 
XRD data. In the case of oxygen pressure, the 
increase in oxygen pressure decreases in the 
crystallinity of the peaks and grain size.  The 
coercivity (Hc) of the film increases from 900 Oe to 
950 Oe with the increase in the temperature from 400 
°C to 800 °C. In addition, the value of magnetization 
(4πMs) increased from 1040 G to 1590 G with the 
increase in temperature from 400 °C to 800 °C. The 
observed magnetic properties of CFO thin films 
deposited on Si(100) substrate may be ascribed to 
grain growth of CFO thin films as revealed by AFM  
study and may be useful for possible applications. 
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