
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Applied Surface Science 257 (2011) 7025–7029

Contents lists available at ScienceDirect

Applied Surface Science

journa l homepage: www.e lsev ier .com/ locate /apsusc

Structural and electrical properties of evaporated Fe thin films

M. Mebarkia, A. Layadia,∗, A. Guittoumb, A. Benabbasc, B. Ghebouli a, M. Saadb, N. Mennid

a Département de Physique, Université Ferhat Abbas, Sétif 19000, Algeria
b Centre de Recherche Nucléaire d’Alger (CRNA), Alger 16000, Algeria
c Laboratoire L.I.M.E, Université de Jijel, Jijel 18000, Algeria
d Faculté des Sciences de l’Ingénieur, Université Ferhat Abbas, Sétif 19000, Algeria

a r t i c l e i n f o

Article history:
Received 8 November 2010
Received in revised form 24 February 2011
Accepted 24 February 2011
Available online 13 April 2011

Keywords:
Thin films
Fe
Structure
XRD
RBS
SEM
Electrical resistivity

a b s t r a c t

Series of Fe thin films have been prepared by thermal evaporation onto glass and Si(1 0 0) substrates. The
Rutherford backscattering (RBS), X-ray diffraction (XRD), Scanning electron microscopy (SEM) and the
four point probe techniques have been used to investigate the structural and electrical properties of these
Fe thin films as a function of the substrate, the Fe thickness t in the 76–431 nm range and the deposition
rate. The Fe/Si samples have a 〈1 1 0〉 for all thicknesses, whereas the Fe/glass grows with a strong 〈1 0 0〉
texture; as t increases (>100 nm), the preferred orientation changes to 〈1 1 0〉. The compressive stress
in Fe/Si remains constant over the whole thickness range and is greater than the one in Fe/glass which
is relieved when t > 100 nm. The grain size D values are between 9.2 and 30 nm. The Fe/glass films are
more electrically resistive than the Fe/Si(1 0 0) ones. Diffusion at the grain boundary seems to be the
predominant factor in the electrical resistivity � values with the reflection coefficient R greater in Fe/glass
than in Fe/Si. For the same thickness (100 nm), the decrease of the deposition rate from 4.3 to 0.3 Å/s did
not affect the texture and the reflection coefficient R but led to an increase in D and a decrease in the
strain and in � for both Fe/glass and Fe/Si systems. On the other hand, keeping the same deposition rate
(0.3 Å/s) and increasing the thickness t from 76 to 100 nm induced different changes in the two systems.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Fe and Fe based alloys are among the most studied systems in
magnetism. For decades, Fe has been studied as thin film or as a part
of a multilayer system [1–5]. The interest arises from the fact that
these systems have been found to have a broad range of structural
and magnetic properties which depend in part on the substrate or
underlayer, the thickness, the method and the conditions of depo-
sition such as substrate temperature, deposition rate, pressure and
power. The effect of substrates and underlayers on the physical
properties of Fe thin films has been thoroughly investigated; Fe thin
films were grown on different substrates [6–14] and by different
methods [15–17].

In the present work, we have investigated the structural and
electrical properties of evaporated Fe thin films as a function of the
substrate (glass and Si), the thickness (in the 76–431 nm range) and
the deposition rate. We have attempted to separate the effect of the
substrate, the thickness and the deposition rates on these physical
properties.

∗ Corresponding author.
E-mail address: A Layadi@yahoo.fr (A. Layadi).

2. Experimental methods

The Fe thin films were deposited by thermal evaporation onto
glass and Si(1 0 0) substrates from a 99.99% purified Fe powder. Each
series [Fe/glass and Fe/Si] consists of samples with different thick-
nesses. Pressure was about 3.8 × 10−7 mbar before evaporation;
during deposition, it rises to 10−6 mbar. Different deposition rates
were used. Rutherford backscattering spectroscopy (RBS) was used
to probe the Fe/substrate interface and to measure the Fe thick-
ness, which ranges from 76 to 413 nm. The RBS experiments were
done using 2 MeV He+ ions delivered by a 3.75 MV Van de Graaf
accelerator, the backscattering angle is equal to 20◦. The structural
properties (texture, lattice constant and grain sizes) were inferred
from the X-ray diffraction (XRD) method working in the �–2� mode
with a wavelength � = 1.54 Å. Surface images were obtained by
means of the scanning electron microscopy (SEM). The electrical
resistivity � of the samples was obtained from the sheet resistance,
which was measured by the four point method.

3. Results and discussions

Examples of RBS spectra are shown in Fig. 1a for Fe/glass sam-
ple with Fe thickness t = 160 nm and in Fig. 1b for Fe/Si one with
t = 105 nm. The simulated spectra (solid lines) are obtained using
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Fig. 1. RBS spectra for (a) Fe/glass with t = 160 nm, (b) Fe/Si(1 0 0) with t = 105 nm.
The points are experimental data; the solid line is the simulated spectra.

the well-known SIMNRA code. The contributions of different ele-
ments of the film and the substrates are indicated in figure. In
Fig. 1a, we found that the glass substrate consists of not only Si
and O but also Ca; the inclusion of all these elements was neces-
sary to obtain a good fit. In Fig. 1b, a good fit was achieved using
Si and Fe elements. Such an experiment was carried out to probe
the substrate-film interface and to measure the film thickness. We
can see, in Fig. 1, that the different peaks are well separated, indi-
cating that there is no interdiffusion at the interface between Fe
and the substrates. From the fit of the experimental spectra and the
simulated curves, we have inferred the film thickness. The Fe thick-
nesses are 76, 99, 105, 160 and 431 nm, with an error estimated to
be less than 5%. The deposition rate ranges from 0.3 to 4.3 Å/s for
the first four samples; the last one was grown with relatively higher
deposition rate (13.7 Å/s).

Examples of X-ray diffraction spectra are shown in Fig. 2, for
Fe/glass (Fig. 2a) and Fe/Si (1 0 0) (Fig. 2b) samples. For all Fe on
glass samples, we observe a peak at 2� = 44.8◦ which has been iden-
tified as the (1 1 0) peak of the body centered cubic (bcc) Fe. For the
thinnest sample (76 nm), a second peak appeared at 2� = 65.6◦ cor-
responding to the (2 0 0) peak while for the thickest one (431 nm),
a peak at 2� = 82.7◦ can be seen and is assigned to the (2 1 1) peak.
For the Fe on Si (Fig. 2b), besides the peak at 2� = 68.9◦ which cor-
responds to the (1 0 0) of the single crystal Si substrate, we observe
for all samples a peak at 2� = 44.8◦ [the (1 0 0) peak of the bcc Fe].
Also for the 431 nm thick sample, another peak at 2� = 82.7◦ can be
seen [the (2 1 1) Fe peak].

We have computed the intensity ratios I200/I110, I211/I110, (I200,
I211 and I110 refer to the intensities of the (2 0 0), (2 1 1) and (1 1 0)

Fig. 2. X-ray diffraction spectra for Fe/glass (a) t = 76 nm, (b) t = 431 nm and
Fe/Si(1 0 0) (c) t = 76 nm, (d) t = 431 nm.

diffraction peaks) in order to determine the texture of these films.
Note that for randomly oriented grains (no texture, i.e. the pow-
der), we have I200/I110 = 0.38 and I211/I110 = 0.176. For Fe/glass, we
found I200/I110 = 1.26 for the 76 nm thick sample, indicating a 〈2 0 0〉
texture, while for all the other samples the preferred orientation is
along the 〈1 1 0〉 direction. For the Fe/Si system, the only strong
peak appearing is the (1 1 0) indicating a strong 〈1 1 0〉 texture for
all samples. Thus, the Fe/glass starts growing with a strong 〈1 0 0〉
texture for the thinner film (76 nm), then the texture changes from
〈1 0 0〉 to 〈1 1 0〉 as the Fe thickness increases; whereas for the Fe/Si,
the texture is 〈1 1 0〉 for all samples.

It should be noted that this 〈1 1 0〉 texture in Fe/Si was observed
by other authors, e.g. in ion-beam mixing Fe/Si [18], in Fe/Si multi-
layer grown by ion-beam sputtering [19] and on a 30 nm thick RF
sputtered Fe on Si(1 0 0) [20]. This 〈1 1 0〉 texture was also noted
in Fe deposited on other substrates, e.g. on sapphire [21] and on
V2O3 [22]. The 〈1 0 0〉 texture observed in the 76 nm thick Fe/glass
has also been reported for Fe thin films, for example, in Fe/Ir(0 0 1)
[23], in molecular-beam epitaxially deposited Fe on Cr [16], and in
Fe/Au [24]. It is also interesting to note that the change of texture,
such as the one we observed in Fe/glass as the thickness increases,
was noted in other works but for different conditions. Indeed, in
15 nm DC magnetron sputtered Fe/glass films, the (1 1 0) texture
was observed for substrate temperatures TS less than 400 ◦C and
changed to (0 0 2) for TS = 500 ◦C [25]; the same authors reported
that a change from (1 1 0) to (0 0 2) textures occurs after an anneal-
ing at 600 ◦C [25]. Also, a 〈1 1 0〉 texture was observed in evaporated
Fe/glass with thickness less than 100 nm and for a low deposition
rate (0.16 Å/s) and this texture changed to 〈2 1 1〉 as the thick-
ness increased beyond 100 nm [26]. The change seems to occur
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Table 1
Texture, out-of-plane strain ε, grain size D, sheet resistance R� , electrical resistivity
� and reflexion coefficient R for Fe/glass and Fe/Si(1 0 0) for different Fe thicknesses,
t. [For a fixed thickness (about 100 nm) and different deposition rates (4.3 Å/s and
0.3 Å/s) compare lines 2 and 3 for each system, and for a fixed deposition rate (0.3 Å/s)
and different thicknesses (76 and 100 nm), compare lines 1 and 3 for each system.].

Thickness, t (nm) Fe/Glass

Texture ε (%) D (nm) R� (�) � (�� cm) R

76 〈1 0 0〉 +0.14 9 3.92 30 0.40
99 〈1 1 0〉 +0.14 15 5.48 54 0.73

105 〈1 1 0〉 −0.10 30 3.08 32 0.72
160 〈1 1 0〉 −0.10 11 2.38 38 0.56
431 〈1 1 0〉 −0.10 22 0.97 42 0.73

Thickness, t (nm) Fe/Si(1 0 0)

Texture ε (%) D (nm) R�(�) � (�� cm) R

76 〈1 1 0〉 −0.42 18 2.72 21 0.43
99 〈1 1 0〉 −0.73 11 3.64 36 0.54

105 〈1 1 0〉 −0.42 18 2.96 31 0.60
160 〈1 1 0〉 −0.42 14 0.51 8 /
431 〈1 1 0〉 −0.42 14 0.81 35 0.58

mainly in Fe/glass but not in the Fe/Si prepared under the same
conditions.

From the lattice constants, derived from X-ray diffraction
spectra, we have computed the out-of-plane strain defined as
ε = (a − abulk) /abulk, where a and abulk denote the measured and
the bulk lattice parameter values. Values of ε are shown in Table 1.
From Fe/glass, the strain ε is positive for t < 100 nm, i.e. the film is
subjected to a tensile stress, as the thickness increases (>100 nm), ε
becomes negative (compressive stress) and lower in absolute value,
the stress seems to be relieved as the thickness increases. On the
other hand, for the Fe/Si(1 0 0), the strain is always negative and is
practically constant over all the considered thickness range. More-
over, for a given thickness, the strain in Fe/Si is greater (in absolute
value) than the one computed in Fe/glass, i.e. there is more stress
in Fe/Si than in Fe/glass samples.

The grain sizes have been derived from X-ray diffraction fol-
lowing the Scherrer method [27]. The grain size D for a grain with
a particular orientation is given by:

D = k�

(��) cos �
(1)

where � is the X-ray wavelength, k is a constant close to 1, � the
diffraction angle and �� is the width at half height of the peak
corresponding to a particular orientation (here we used the (1 1 0)
peak which is the most intense and corresponds to the texture of
the films). The grain size values are shown in Table 1.

In Fig. 3, we show SEM surface images for Fe/glass (Fig. 3a and
b) and for Fe/Si(1 0 0) (Fig. 3c and d) for the thinnest (76 nm) and
thickest (431 nm) samples. For the 76 nm thick Fe/glass film, SEM
images show smooth uniform surface (Fig. 3a) while for the thicker
film (431 nm), small rounded shape droplets appear on the surface
(Fig. 3b). For the Fe/Si samples, the SEM images reveal a uniform
surface with very few relatively large droplets with circular shape
for the thinner sample (76 nm), see Fig. 3c; for the thicker one
(431 nm), a lot of smaller rounded shape droplets can be seen on the
surface (Fig. 3d). The density of these droplets is greater in Fe/Si than
in Fe/glass for the same thickness even though they were evapo-
rated under the same conditions (at the same time) The formation
of these droplets on the surface of the films seems to be due to
the fact that the materials to be evaporated can be expelled from
the target in a liquid state, this phenomenon has been reported
in NiFe thin films [28,29]. Recall that these 431 nm thick samples
were prepared with a high deposition rate (13.7 Å/s), we believe
that this high deposition rate might be at the origin of the appear-

ance of these droplets on the surface samples. Indeed, Chen et al.
[30] observed the appearance of island-like grains on the surface of
a Fe based alloy deposited on Si substrate. These island-like grains,
similar to the ones we observe on our Fe thin films, appear only
for high deposition rate (≥6 Å/s). Moreover, in our case we observe
these island-like grains for higher deposition rate and also we noted
that the number of these grains is greater in Fe/Si than in Fe/glass,
the substrate does also affect this surface phenomenon. We will
see in the following that the existence of these droplets in Fe may
be responsible for the high electrical resistivity observed in these
thicker samples.

The sheet resistance (called also square resistance) R� is defined
as R� = �/t, where � is the electrical resistivity and t the film thick-
ness; R� is measured in Ohms/square (�/�). The sheet resistance
R� values have been measured for all samples by the four point
probe. In Fig. 4a, we show the variation of R� with the film thick-
ness t, for the Fe/glass and Fe/Si as indicated in figure. Besides the
first point (76 nm), there is an overall decrease of R� with thickness,
with R� [Fe/glass] higher than R� [Fe/Si(1 0 0)] for a given thickness.
Note that for the Fe/Si samples, the sheet resistance of the Si sub-
strate without the Fe film was measured and found to be equal to
56.60 �. The sheet resistance values measured for the Fe/Si sam-
ples are between 0.5 and 3.6 � (see Table 1). These values are much
lower than that of the Si substrate and thus can be taken as the Fe
sheet resistance; this approximation falls within the uncertainties
of the values. The electrical resistivity � was deduced from the sheet
resistance R�. The variation of � with thickness is shown in Fig. 4b;
the numbers appearing near the experimental points are the grain
size values. We note that, for a given thickness, the � values in
Fe/glass are always larger than the ones in Fe/Si(1 0 0). The origins
of the variation of � with thickness are discussed in the following.

Several phenomena contribute to the electrical resistivity of thin
films: the diffusion by the surface, the diffusion by the grain bound-
aries, the impurities, the defects and the magnetic disorder. In order
to investigate the effect of some of these factors, we have studied
the variation of � with the film thickness and the grain size, see
Fig. 4b.

For Fe/glass, we observe that between t = 99 and 160 nm, �
decreases (increases) with increasing (decreasing) grain size. This
may indicate that diffusion by the grain boundaries is the important
factor in the electrical resistivity of Fe/glass in this thickness range.
The increase of � when t increases from 76 to 99 nm is not due to
the surface diffusion (� should decrease with increasing thickness if
that were the case) or to the diffusion by the grain boundaries (since
the grain size increased � should decrease) or to a large impurity
(since no phase other than Fe has been detected by X-ray Diffrac-
tion); this variation might be due to a small impurity (not detected
by XRD) or to a defect present in the 160 nm thick sample.

For the Fe/Si samples, when t increases from 76 to 99 nm, the
resistivity increases (see Fig. 4b) but this increase in � follows a
decrease in grain size (from D = 18 nm to 11 nm) thus the variation
in � in this thickness region is due to diffusion at the grain bound-
aries. Then between 99 and 160 nm, � decreases down to the Fe
bulk value, this suggests that both diffusion at the surface and at
the grain boundaries may play an important role in the resistivity
values.

When t increases from 160 to 431 nm, we observe an increase
in �, for both systems with the increase for the Fe/Si (330%) much
greater than in the Fe/glass one (9.8%). This may be attributed to
surface defects. Recall that the SEM images show droplets on the
surface for the 431 nm thick sample with the density of droplets
more important in Fe/Si than in the Fe/glass; that is why, we believe,
the increase in � is more important in Fe/Si than in Fe/glass. Thus
we may infer that these surface defects (appearance of droplets)
are responsible for this increase in the electrical resistivity for these
thicker films.
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Fig. 3. SEM images for Fe/glass (a) t = 76 nm, (b) t = 431 nm and Fe/Si(1 0 0) (c) t = 76 nm, (d) t = 431 nm.

In order to determine the dominant factor, we have applied,
to our experimental results, the Mayadas–Shatzkes model [31,32],
which takes into account the diffusion at the grain boundaries. We
found out that this model seems to describe well our experimen-
tal results confirming thus the first observation mentioned above.
Recall that in this model, the resistivity � of the film is given by
[32]:

�

�0
=

[
1 − 3

2
˛ + 3˛2 − 3˛3 ln

(
1 + 1

˛

)]−1
(2)

where �0 is the Fe bulk resistivity (�0 = 9.72 � � cm) and

˛ = �

D

R

1 − R
(3)

Here � is the bulk mean free path (for Fe, � = 19.2 nm), D is the
average grain size and R is the reflection coefficient, R takes values
between 0 and 1; when R = 0, the diffusion at the grain boundaries is
negligible while for R close to 1, it becomes very important. We have
derived values of R using Eqs. (2) and (3). We found that besides the
thinner samples (76 nm) where R is the same (0.41 ± 0.02) in both
systems; for all other samples, R in Fe/glass (about 0.71) is always
greater than the one observed in Fe/Si (0.58 ± 0.02). The R values
depend not only on the substrate but also on the experimental con-
ditions as can be seen by comparing the present results to those
previously published on Fe thin films [33].

It appears from the above discussion that the different behaviors
observed in these evaporated thin films may be due to the combina-
tion of the effects of the substrate, the thickness and the deposition
rate. In the following we discuss the separate contribution of these
three parameters on the physical properties of the Fe thin films. We
will focus on the phenomena that can be attributed to each of the
three parameters.

The effect of the substrate can be seen by comparing the Fe/glass
and Fe/Si with the same thickness. Recall that for a given thickness,
the Fe/glass and Fe/Si have been grown in the same run, i.e. under
the same conditions, thus any differences in properties are due to
the substrate. Some observations could clearly be attributed to the

substrate. Indeed, for the thinner film (76 nm), the Fe/glass grows
with the 〈1 0 0〉 texture while the Fe/Si has a strong 〈1 1 0〉 texture.
The growth induced stress is lower in Fe/glass than Fe/Si(1 0 0).
While the appearance of island-like grains or droplets in the sur-
face of the thickest Fe deposited on both substrates is attributed to
the high deposition rate as discussed above, the number of these
droplets is higher in Fe/Si than in Fe/glass which is certainly an
effect of the substrate. The effect of the substrate is more pro-
nounced in the electrical properties: for the same thickness, the
sheet resistance, the electrical resistivity and the reflection coeffi-
cients are always greater in Fe/glass than in Fe/Si, regardless of the
thickness and the deposition rate values.

In order to distinguish between the effect of thickness and depo-
sition rates, we note that the samples with nominal thicknesses
equal to 99 and 105 nm have, within the measurement uncertain-
ties, the same thickness (100 nm), the first one was grown at a rate
of 4.3 Å/s while the second one at 0.3 Å/s. The differences in the
physical the properties can then be attributed to the deposition
rate.

In both systems, the decrease of the deposition rate from 4.3
to 0.3 Å/s with a fixed thickness (100 nm) did not affect the tex-
ture (the 〈1 1 0〉 texture), but led to a decrease in the strain and
an increase in the grain size (compare lines 2 and 3 in Table 1).
Also lower deposition rate produced a decrease in the sheet resis-
tance and the electrical resistivity, while the reflection coefficient
remains the same within the measurement uncertainties. Note
however that the amounts of decrease for R� and � are greater
in Fe/glass than in Fe/Si, more than 40% in Fe/glass and less than
20% in Fe/Si.

Moreover, samples with thicknesses of 76 nm and 105 nm have
been prepared with the same deposition rate (0.3 Å/s). With a
fixed deposition rate (all other conditions being the same), we may
assume that the different behaviors can be related to the thick-
ness. The results pertaining to these two samples are shown also in
Table 1 (compare lines 1 and 3 for each system). We observe then
that for a fixed deposition rate, the increase of the thickness from
76 to 100 nm led to a change in the texture from 〈1 0 0〉 to 〈1 1 0〉,
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Fig. 4. The sheet resistance R� (a) and the electrical resistivity (b) vs. Fe thickness
for Fe/glass and Fe/Si(1 0 0). The values appearing near the experimental points in
(b) are the corresponding grain sizes.

a decrease in the strain (with change of sign) and an increase in
the grain size for the Fe/glass. However, for the Fe/Si, this increase
in thickness did not change the texture (〈1 1 0〉) and did not affect
neither ε (−0.42%) nor the grain size values (18 nm).

For the electrical properties, the increase in the thickness led
to a decrease in the sheet resistance R� (−21.4%), a small increase
(8.5%) in the electrical resistivity and an increase in the reflection
coefficient R (from 0.4 to 0.72) for the Fe/glass samples. While for
the Fe/Si samples, increasing the Fe thickness (76 to 100 nm) led to
an increase in R� (8.8%), in � (50.7%) and in the reflection coeffi-
cient R (0.43 to 0.6). We can see that the effect of these preparation
conditions on the physical properties does depend on the substrate
for the Fe films.

4. Conclusion

We have experimentally observed that there are some differ-
ences and some similarities in the physical properties of Fe thin
films when deposited on glass and on Si and when the Fe thickness,
t, and the deposition rates are varied. The important behaviors are
summarized as follow: (i) The Fe/glass start with the 〈1 0 0〉 texture;
as t increases, this texture changes to 〈1 1 0〉; whereas for Fe/Si, the
texture is 〈1 1 0〉 for all thicknesses. (ii) For Fe/glass, the strain ε is

positive for t < 100 nm and becomes negative and smaller in abso-
lute value for t > 100 nm, while for Fe/Si, the strain is negative and
constant throughout the whole thickness range (76–431 nm); the
stress in Fe/Si is greater than in Fe/glass. (iii) The Fe/glass samples
are more electrically resistive than the Fe/Si ones, the diffusion at
the grain boundaries seems to be the dominant factor in the elec-
trical resistivity � with the reflexion coefficient R (Fe/glass) greater
than R(Fe/Si). (iv) For a fixed thickness (100 nm), lowering the depo-
sition rate led to a decrease in the stress and in � and an increase in
the grain size D regardless of the substrate. (v) For a fixed deposi-
tion rate (0.3 Å/s), increasing t from 76 to 100 nm led to a decrease
in ε and an increase in D for Fe/glass but did not affect ε and D for
Fe/Si, and to a decrease in � for both systems. (vi) Finally, increas-
ing the deposition rate seems to induce droplets on the film surface
with greater density in Fe/Si than in Fe/glass. These surface defects
seem to be responsible for the increase in � in these thick samples.
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