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Abstract: In this paper, the radio frequency (RF) magnetron sputtering (MS) method was utilized to
fabricate multiple sets of the iron film samples under different sputtering powers. With the help of
X-ray diffraction (XRD), scanning electron microscopy (SEM), atomic force microscopy (AFM) and
vibrating sample magnetometer (VSM), how the sputtering power affected the structure, morphology
and magnetic properties of the iron film was studied. XRD results showed that all Fe films have
a polycrystalline bec structure and (110) preferred orientation. According to the Bragg equation
calculation, the larger the sputtering power, the larger the average grain size, which is consistent with
the results of AFM particle size analysis. The main reason is that the sputtering power affects the
grain growth mode. As the sputtering power increases, it gradually changes from a small island-like
growth to a thick columnar growth. However, from the surface morphology and height profile,
we saw that the iron film deposited under 230 W had the most uniform grain size distribution and
the grain size was relatively small. This is why thin films deposited under this condition have the
best soft magnetic properties. The saturation magnetization (Ms) reaches 1566 emu/cm3, coercivity
(Hc) is 112 Oe, and squareness ratio (Mr/Ms) is 0.40. Therefore, iron film prepared under 230 W has
good comprehensive properties (highest Ms, lower Hc and Mr/Ms) that provide an experimental
basis for further thin film research work.

Keywords: Fe films; sputtering power; crystal structure; surface morphology; soft magnetic properties

1. Introduction

Iron-based thin films are interesting because of their high saturation magnetization (Ms) and
low coercivity (Hc) [1], which can be achieved by appropriate preparation processes. Therefore,
it has huge application prospects in many fields, such as magnetic recording, magnetic storage,
magnetoresistive sensing, electromagnetic switches, magnetic shielding, spin semiconductors and
other electronic devices [2-5]. In order to realize the control of the performance of the iron thin film,
researchers have carried out a lot of research work. The application of a high magnetic field during
film growth can affect the grain size, regulate the growth direction of the columnar crystal, prevent
grain overlap and the bending of columns, increase the saturation magnetization [2,6,7], and achieve
vertical anisotropy [8]. Changing the film composition, such as adding SiO,, can effectively reduce
the coercive force of the iron film and achieve vertical anisotropy, but will simultaneously reduce
the saturation magnetization [6]; adding N and Co can improve the film saturation magnetization,
resistivity and high frequency permeability [9]. An argon ion beam can effectively control the magnetic
anisotropy of the sputtered film [10]. After iron ion irradiation, the lattice constant and grain size
increase, and the magnetic moment of the top sublayer of the film is higher than the bottom sublayer,
which can effectively adjust the film structure and magnetic properties [11]. An annealing treatment

Metals 2020, 10, 896; d0i:10.3390/met10070896 www.mdpi.com/journal/metals


http://www.mdpi.com/journal/metals
http://www.mdpi.com
https://orcid.org/0000-0003-3371-3544
http://www.mdpi.com/2075-4701/10/7/896?type=check_update&version=1
http://dx.doi.org/10.3390/met10070896
http://www.mdpi.com/journal/metals

Metals 2020, 10, 896 20of 11

can change the texture of the film [12], reduce the coercive force and optimize the soft magnetic
properties [2]; if heat-treated in a hydrogen atmosphere, oxygen-free and silicon-free interfaces can be
prepared to modify the ferromagnetic film structure and magnetic properties [13]. These measures can
achieve the optimization or adjustment of the magnetic properties of the thin film, but it will bring
certain undesirable effects. That is, applying an external magnetic field or ion irradiation will destroy
the film surface and enhance the complexity of the process and the difficulty of preparation; the doping
of non-magnetic elements will reduce the magnetization of the film.

Adjusting the growth parameters is the most basic and effective optimization method in the thin
film deposition process. Serizawa et al. [14] chose different types of substrates to grow iron thin films
with different crystal orientations in order to adjust the magnetostrictive behavior. Gao et al. [15]
controlled the substrate temperature to improve the morphology of the iron film. Cheng et al. [16]
studied the dependence of the magnetic crystal anisotropy of iron films on temperature by adjusting
the deposition time and controlling the film thickness. Javed et al. [17] found that the partial pressure
of argon gas has a great influence on the soft magnetic properties of iron thin films prepared by DC
magnetron sputtering. Brajpuriya et al. [1] found that when the iron film thickness is below a certain
critical thickness (3 nm), it exhibits superparamagnetism; above this critical thickness, it exhibits
ferromagnetism. Getman et al. [18] found that the grain size and grain aspect ratio will increase as the
thickness (in the range of 0.1-1 pm) increases and will show the easy magnetization axis in the plane.
Bourzami et al. [19] found that when the thickness is thin (48 nm), the coercive force decreases slightly
as the thickness increases. When the threshold is exceeded, the coercive force increases as the film
thickness increases; Tripathi et al.’s study further verified this conclusion [20]. Regarding the research
on iron thin films, most of them focus on the deposition time (thickness) [21], growth temperature [22],
substrate selection, etc. There are few reports pertaining to the influence of the sputtering power on
the structure, morphology and magnetic properties of iron thin films [17,23].

However, in the film preparation process, the sputtering power has a profound influence on
the film morphology, structure and performance. For example, the sputtering power affects the
magnetic anisotropy of BiFeOs-CoFe;O4 nanocomposite films [24]. The sputtering power also affects
the surface morphology, grain size and grain growth of Co,FeSi thin films, which affects the soft
magnetic properties of the thin film [25]. The coercive force of TbFeCo thin films can be tailored by
changing the sputtering power [26]. Increasing the sputtering power changes the magnetic behavior of
the Tb-Fe thin film from superparamagnetic to ferromagnetic [27]. Sputtering power can affect both
the composition of CopFeSi thin films and the magnetization behavior either under zero field cooling
or field cooling conditions [28]. Further, the sputtering power can change the transition temperature
of the Co-Fe-Zr-B amorphous thin film, affect the amorphous forming ability of the thin film and
then affect the soft magnetic properties [29]. Increasing the sputtering power can effectively improve
the crystallinity of NiO film [30]. There is an optimal sputtering power where the ZnO-based thin
film has optimal transparency and resistivity [31-33]. Adjusting the sputtering power can induce
changes in the optical and electrical properties of CdO thin films [34]. The sputtering power can adjust
the phase composition in the cobalt oxide film, thereby affecting the structure and performance [35].
The sputtering power can affect the growth rate and film thickness of Mo film, thereby affecting the
electrical properties of the film [36]. Adjusting the sputtering power can optimize the magnetostrictive
properties of FegpCo19Gaig thin films [37]. This research work indicates that it is necessary to carry out
the influence of the sputtering power on the structure, morphology and magnetic properties of the
iron thin film.

In this paper, the effect of the sputtering power on the structure, morphology and magnetic
properties of the iron film prepared by radio frequency (RF) magnetron sputtering was studied.
The purpose of this work was to reveal the relationship between the film growth parameters and
the structure and performance of the film. Optimizing the thin film deposition process also lays
the experimental foundation for the later research on the iron/semiconductor interface structure and
magnetic properties.
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2. Experimental Methods

The Fe films were deposited on glass substrates by RF magnetron sputtering method. Glass was
used as the deposition substrate because there is greater diffusion between the iron thin film and the
single crystal silicon substrate, which is not conducive to the magnetic properties of the iron thin
film. A high-purity iron plate (& 60, 99.99%) was used as the sputtering target (Zhongnuo Advanced
Material (Beijing) Technology Co., Ltd, Beijing, China). The glass substrate was ultrasonically cleaned
twice in absolute ethanol and an acetone solution for 5 min each time. After removing the surface
grease, it was placed in the chamber. In order to reduce the oxidation of the film, the vacuum chamber
was evacuated to a basic pressure of about 7.5 x 107 Pa. We adjusted the argon flow rate and the
working pressure until the glow discharge was stable, and then started to deposit the film. It was
found in the experiment that when the working pressure was too low, the target could not generate
glow discharge; when the working pressure was too high, the sputtering rate decreased and the film
roughness increased. To ensure the deposition efficiency, we chose the lowest working pressure (3.5 Pa)
and argon flow rate (29.9 sccm) at which glow discharge can occur and the deposition temperature of
25 °C. Prior to deposition, pre-sputtering was performed with the aim of cleaning the surface impurities
of the Fe target and the time was determined by the target placement time. The distance between the
substrate and target was 40 mm. By adjusting the current (0-500 mA) to control the sputtering power,
a series of thin film samples were prepared under different sputtering powers. When the film was thin
(below 200 nm), due to the influence of the substrate, the Ms of the film increased with the increase of
the thickness; when the film thickness increased to a certain extent, the Ms of the film did not change
greatly. Therefore, we selected a series of thin films with a deposition time of 20 min as the research
object to illustrate the effect of the sputtering power on the film structure and magnetic properties.

The iron film thickness was measured employing scanning electron microscopy (SEM) (Nova
NanoSEM 450, FEI, Portland, Oregon, USA). The crystal structure of the Fe films was determined
with an applied X-ray diffraction (XRD) (DX-2007, Dandong fangyuan Co., Ltd, Dandong, China)
carried out at 30 kV and 30 mA with Cu-Ka radiation. The magnetic properties of the Fe films were
detected utilizing a vibrating sample magnetometer (VSM) (Model 7407, Lakeshore, Westerville, OH,
USA). The film micromorphology and surface roughness were observed using atomic force microscopy
(AFM) (Dimension Icon, Bruker, Billerica, MA, USA). All tests were performed at room temperature.

3. Results and Discussion

3.1. Crystal Structure

Figure 1 shows the XRD patterns of the Fe films prepared under different sputtering powers.
For all samples, the characteristic Bragg reflections corresponding to (110) Fe, (200) Fe and (211) Fe were
observed, exhibiting the polycrystalline nature of the Fe films. According to the Scherrer formula [38],
the average grain size was calculated. These indicated that the average grain size of the Fe films
monotonously increased with the sputtering power, as illustrated in Figure 2. This is mainly due to the
fact that the change of the sputtering power affected the Fe film’s growth mode, as explained in the
cross-sectional morphology of the films.
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Figure 1. XRD patterns of Fe films prepared at different sputtering powers: (a) 160 W, (b) 230 W,
(c) 260 W, (d) 283 W, (e) 360 W, and (f) 420 W.
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Figure 2. The relationship between the average grain size of the Fe film and the sputtering power.
3.2. Cross-Sectional Morphology

Figure 3 exhibits the cross-sectional SEM views of Fe films fabricated with different sputtering
powers. The thickness of the Fe films deposited at 160 W, 230 W, 283 W, 360 W was measured to be the
following: 370 nm, 490 nm, 800 nm, 1260 nm. The thickness of the films exhibited a linear increase
with the sputtering powers, as illustrated in Figure 4. This is mainly because the greater the sputtering
power, the stronger the field strength between electrons. As a result, the number of the sputtered
particle increased, related to the larger avalanche multiplication effect [39,40]. This led to the increase
in the sputtering rate. Under the same sputtering time, the faster the sputtering rate, the greater the
thickness of the film [41].

Figure 3. Cross-sectional SEM views of the Fe films fabricated at different sputtering powers: (a) 160 W,
(b) 230 W, (c) 260 W, (d) 283 W, (e) 360 W, and (f) 420 W.
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Figure 4. Line charts of the thickness of Fe films as a function of the sputtering power.

By comparing the cross-sectional morphology of the Fe films prepared under different sputtering
powers, we found that the Fe films with a sputtering power of 360 W exhibited a columnar growth
structure perpendicular to the glass substrate and coarse grain. Dissimilarly, the Fe films sputtered at
160 W and 230 W showed a fine fibrous structure; the Fe film at 283 W was in the transition phase of a
columnar structure. When the sputter power was low, the incident ion energy was lower. As a result,
the diffusion ability of the atomic surface was limited and the critical core size required for thin film
nucleation was very small. Therefore, the film tended to form more nucleation cores and have a finer
grain size. On the contrary, when the sputter power was high, the atomic diffusion on the surface of
the film was sufficient and showed columnar and coarse grain [2].

3.3. Surface Morphology

The surface morphology with the three-dimensional-view located at the bottom-left of the figure
measured by AFM is displayed in Figure 5a—f. It can be observed that there were some pronounced
surface morphology changes for the Fe films deposited at different sputtering powers. For the films
at 160 W, the grains grew and gathered to the rambling and cuboid-like particles. A large number
of the inclined cuboid-like particles increased the disorder degree of the film structure. The low
sputtering energy was not enough to form a columnar growth completely perpendicular to the film
surface. The Fe films deposited at 230 W and at 283 W exhibited similar columnar growth, as shown
in the three-dimensional-view. It can be clearly seen that the distributions of the grains were quite
homogeneous and uniform in the films. That is mainly because the incident ion energy increased with
the increase in the sputtering power. It can provide larger kinetic energy for atoms, clusters and grains
to form, move and grow. Therefore, the Fe films prepared at 230 W and at 283 W had a more ordered
and compact film structure. However, in the Fe films at 283 W, there were more empty spaces and
defects than at 230 W. This phenomenon deteriorated in the Fe films deposited at 360 W, where the
surface showed sparse and hill-like morphology. This is mainly because the excess incident ion energy
caused by a high sputtering power disrupted the regular arrangement of the upper layers” atoms,
which led to more defects and empty spaces. Therefore, the sputtering power has a great influence on
the surface morphology.

The particle size of Fe films was obtained by means of a particle analysis tool in AFM software,
as shown in Figure 6a. As the sputtering power increased, the average particle size became larger.
This trend is consistent with previous studies. As mentioned the previous paragraph, the higher the
sputtering power, the higher the energy of the incident ions so atoms, clusters or grains are easier to
aggregate and grow. Therefore, within a certain range of sputtering power, particle size is proportional
to the sputtering power. However, the negative effects of excessive sputtering power cannot be ignored,
such as the defects and coarse grains in the films deposited at 360 W; it is the direct reason for the
increase of RMS (root mean squared) surface roughness with the increasing sputtering power, as shown
in Figure 6b. Combining the AFM results above, the Fe films deposited at 230 W and at 283 W possessed
regularly arranged grains, an inhomogeneous particle size distribution and a small surface roughness
at the same time. They had formed some coarse grains in the Fe films prepared at 283 W and had
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larger particle size fluctuations than the Fe films at 230 W, as shown in the section analysis of the films,
Figure 5g-1. Therefore, the Fe films at 230 W have the optimal surface structure.
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Figure 5. AFM micrographs of Fe films with different sputtering powers: (a) 160 W, (b) 230 W, (c) 260 W,

(d) 283 W, (e) 360 W, (f) 420 W; respective sectional height contour: (g) 160 W, (h) 230 W, (i) 260 W,
(j) 283 W, (k) 360 W, (1) 420 W.
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3.4. Magnetic Properties

In our experiments, the magnetic hysteresis loops of iron films deposited at different sputtering
powers were measured. We found that the iron film was difficult to be magnetized to saturation
perpendicular to the film. Therefore, the in-plate magnetic hysteresis loops were chosen to study
how the sputtering power affects the magnetic properties of Fe films deposited with the magnetron
sputtering process, as shown in Figure 7a. Figure 7b—d shows the saturation magnetization Ms,
coercivity He, and squareness ratio Mr/Ms (Mr is the remanence) of the Fe film with different sputtering
powers. The detailed magnetic properties of representative samples are shown in Table 1.
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Figure 7. Magnetic hysteresis loops of Fe films at different sputtering powers (a); saturation
magnetization (Ms) (b), coercivity (Hc) (c), and squareness ratio Mr/Ms (d) of Fe films prepared
at different sputtering powers.

In comparing the Ms of the Fe films deposited at different sputtering powers, it was observed that
there is no obvious linear relationship between them. Further, the value of Ms increased first and then
decreased with the sputtering power, as shown in Figure 7b. The iron film deposited at 230 W had the
highest Ms, reaching 92% of the bulk iron [42]. At the same time, Ms also had obvious advantages
compared to the films prepared by other preparation methods, as shown in Table 1. The low power
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resulted in a low density due to the small sputtering yield [27]. By increasing the sputtering power,
the Fe films densified, but excessive sputtering power led to coarse grains and uneven distribution,
which resulted in high defects [43]. In order to further explain the effect of the sputtering power on Fe
films, the particle size (Figure 6a) and size distribution (Figure 5g-1) must be mentioned again. As the
sputtering power increased, the average particle size gradually increased. The film prepared at 230 W
had the smallest size dispersion, indicating that its structure was the most uniform. Combined with
the fine grain size, the Fe film at 230 W exhibited the optimal Ms. Though the thickness of the Fe film
increased at a high power, the density of the film decreased due to the uneven distribution of coarse
grains and defects. Therefore, the sputtering power greatly affected the saturation magnetization of
the film [43].

Table 1. Magnetic properties of iron thin films under different preparation conditions.

Samples Methods Ms (emu/cm?) Hc (Oe) Mr/Ms References
160 W 1157 90 0.437
230 W 1566 112 0.401
260 W . 1477 119 0.417
RF t: tt i
283 W fagnetion sprtiering 1418 142 0446  Ihisresearch
360 W 1350 108 0.376
420 W 1268 104 0.363
RTOT Thermal evaporation 1213 58 - Ref [7]
0T Molecular beam vapor deposition 1491 - 0.54 Ref [2]

Figure 7c is the Hc of Fe films with different sputtering powers. The result indicated that the value
of Hc increased with the increase in the sputtering power and decreased at 360 W. The internal stress
and defect greatly affected the Hc by the pining effect during the magnetization, which restrained the
rotation of the magnetic domain. The higher the sputtering power, the higher the energy of the argon
ion bombardment on the target, which resulted in a larger content of internal stress and tissue defects
during film deposition. Therefore, there was a smaller Hc at 160 W, 230 W and 260 W than there was at
283 W. According to the random anisotropic model, the Fe film at 360 W and 420 W with the large grain
size and inhomogeneous size distribution should have a larger Hc than at 283 W, but our result was
the opposite. Some studies have proven that an applied magnetic field in the growth process of iron
films could effectively improve the disorder structure [6]. At a high sputtering power, the magnetic
field from the magnetron sputtering method introduced a noticeable positive effect, leading to the
ordering of the film structure and low defects. Further, the Hc of Fe films at 360 W was smaller than it
was at 283 W. Therefore, the sputtering power has a significant effect on the Hc of Fe films.

The sputtering power also affects the Mr/Ms of the Fe films. The Fe film deposited at 230 W had
a smaller Mr/Ms than at 160 W. This was mainly due to the small grin size and narrow distribution,
which led to the large Ms. The appearance of the columnar grain led to larger disorder and crystal
anisotropy. Thus, the Mr/Ms of Fe films at 260 W and 283 W increased. The excessive sputtering
power enhanced the magnetic field effect, which improved the disordered structure. Therefore, when
the sputtering power was further increased, the Mr/Ms started to decrease like the films at 360 W
and 420 W.

When we combine all of the above magnetic parameters, we can conclude that the sputtering
power has a great influence on the magnetic properties of the Fe films deposited by magnetron
sputtering method, especially Ms. In this research, the sputtering power to obtain high saturation
magnetization was 230 W.

However, in order to achieve excellent magnetic properties, we need to consider the effects of
multiple sputtering parameters (vacuum, working pressure, deposition time, substrate temperature,
etc.). Therefore, subsequent systematic research on the influence of other sputtering parameters on the
structure and magnetic properties of iron thin film is also necessary.



Metals 2020, 10, 896 9of11

4. Discussion

In this article, we successfully deposited hundreds of nanometers of iron film by RF magnetron
sputtering mainly to study the effect of the sputtering power on the structure, morphology and soft
magnetic properties of Fe film. The XRD structure showed that all Fe films have a polycrystalline
bcc structure and (110) preferred orientation. According to the Bragg equation calculation, the larger
the sputtering power, the larger the average grain size, which is consistent with the results of AFM
particle size analysis. The main reason is that the sputtering power will affect the grain growth mode.
As the sputtering power increases, it gradually changes from a small island-like growth to a thick
columnar growth. However, from the surface morphology and height profile, we saw that the iron film
deposited under 230 W had the most uniform grain size distribution, and the grain size was relatively
small. The VSM results showed that the iron film prepared under 230 W had good comprehensive
properties (highest Ms, lower coercivity and squareness ratio). Therefore, the sputtering power plays a
vital role in structure and magnetic properties.
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