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Abstract

Ferrous Selenide (FeSe) thin films were prepared onto glass substrate by Electron beam evaporation technique.
X-Ray Diffractometer analyses showed that highly c-axis oriented and high-quality flms were obtained on various
annealing temperatures of 100°C, 200°C and 300°C respectively. From Scanning Electron Microscopy and its Elemental
analysis of all the films showed low-temperature structural phase transition at different annealing temperatures of RT,
100°C, 200°C and 300°C respectively. The optical studies of FeSe thin film on glass was found most different from all the
others, and its bandgap decreases from 2.85 eV to 2.75 eV for different annealing temperatures of the thin films. Optical
analysis is demonstrated that Ferrous (Fe) and Selenide (Se) are homogeneously distributed in the film. Atomic Force
Microscopy (AFM) and its 2D and 3D analyses were found that microstructure of FeSe thin films.

J

Keywords: Optical; Morphology; Structural and FeSe thin films

Introduction

The expansion of nano-science and nanotechnology rely heavily on
the preparation techniques and associated study of nano scale materials
of enhanced characteristics and their functionalities that forms
nanostructure for novel modern devices. Dual semiconductors are
considered to be significant technological materials their impending
applications in opto-electronic devices, solar cells, Infra-Red (IR)
detectors and lasers [1-5].

A multitude of techniques like thermal evaporation, sputtering,
chemical deposition, electrolysis, spray pyrolysis and other have been
developed to prepare thin films. In the early stages, the behavior of
thin films, irreproducible results had often initiated the scientific
curiosity towards thin film studies. In the last three decades there have
been tremendous advances in understanding the properties of two
dimensional solids. Thin film studies have indirectly advanced many
areas of research based on phenomenon uniquely characteristic of the
thickness, geometry and structure of the films.

It is well known that the semiconducting materials particularly
semiconducting thin films have significant physical and chemical
properties which are often sharply improved by combining them in
different properties for their alloys (or) compounds. The use of both
amorphous and polycrystalline semiconductors has attracted much
interest in an expanding variety of applications in various electronic
and optoelectronic devices.

The study of X-ray diffraction patterns revealing the position
broadening and shape variation of X-ray profiles on the polycrystalline
thin film offers information about the microstructural parameters
which differentiates the microstructural dissimilarities in the thin
nano and micro films of FeSe. Particle size, strain, dislocation density
manipulate the properties of e-beam evaporation deposited thin films.

In addition, the stress, dislocation density and enlarge grain sizes of
FeSe films possibly functional for opto-electronic appliances. To great
extent attention among II-VI group compounds has been given to iron
chalcogenides, for the reason that of their potential absorber in solar
cells and other electrical devices. FeSe has a direct band gap of 1.23 eV
which makes it quite attractive for solar cells. For the polycrystalline
FeSe thin film that are habitually crystallized primarily in tetragonal

structure (PDE-03-0533) with lattice constants (a=3.77°A, ¢=5.53°A)
and in the hexagonal structure (PDF-75-0608) with lattice constants
(a=3.61 A, c=5.87 A). A wide range of procedures have been accounted
for the preparation of FeSe semiconductor to get hold of appliance
quality of thin films. Several case in points are as: low pressure metal
organic chemical vapor deposition (LPMOCVD) [6], mechano-
synthesis [7], selenization technique [8], mechanical alloying [9].
FeSe thin films with the preferred electrical and optical properties
are obligatory for photo electro chemical solar cells applications. It is
complicated to achieve uninterrupted and lone phase FeSe thin films
by the above declared techniques. Among many deposition methods,
electron beam deposition is one of the appropriate methods to set up
continuous and thin semiconductor films.

Current innovation of high transition temperature (Tc)
superconductivity in iron foundation quaternary layered compounds
has strained substantial contemplation. Narrowly trailed by the first
account of superconductivity with Curie Temperature Tc=26°K in
LaFeAsO, F [10], more than a few analogous but simpler ternary
and binary layered compounds, Ba, K Fe As, (122-family) [5], LiFeAs
(111-family) [6], and FeSe (11-family), were originate superconductivity
that might have the same origin as the 1111 plane relations.

In II-VI semiconductors, considerable attention has been devoted
to the possibility of tailoring the optical and electrical properties of
these materials. This purpose has been mainly achieved by means of two
different processes: (i) the doping with different dopant density, which
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causes the broadening of band tails and band gap renormalization. (ii)
The fabrication of ternary and quaternary alloys, whose band gap can
be modulated by controlling the relative concentration of two elements
forming the alloy. It is a well known fact that the quality of the devices
based on CdSe thin films strongly depends on the structural and
electrical properties of the films obtained under various experimental
conditions. [6-10]. A comparison of made known data designates
that large number of literature is available regarding ferrous disulfide
(FeS,) thin films, but a hardly quite a few reports are available on FeSe
thin films. The original compounds those undoped of the 1111 and
122 families experience a phase transition and structural distortion at
low temperature (Ts) followed by an antiferromagnetic (AFM) status
developed at equal or rather lower temperatures, where the high
superconductivity materializes only when this magnetic state was
suppressed together with the phase transition by doping or applying
pressure externally [9-12].

On the other hand, Mossbauer and Selenide Nuclear Magnetic
Resonance (NMR) measurements recommended that AFM spin
fluctuations are strappingly superior near Tc [3,10]. By means of spin
rotation method, it was confirmed that a static magnetic order might
emerge above at applied pressure non transiting the 122-family [13-
15], high-quality mono crystals of 1111 family and FeSe are small are
usually plate-like measuring a few hundreds of micrometer across and
tens of micrometer thick [16-18]. In this esteem, the preparation of
high quality thin film samples not only satisfies the requirements for
some fundamental physical properties measurements other than also
provides appropriate bases for making tunneling junctions that resolves
more than a few imperative superconducting parameters such as gap
value and paring equilibrium. Additionally the epitaxial thin films
are also apposite for studying the uniaxial pressure dependence of
superconducting properties by introducing interfacial stress between
thin films and the substrates base. Lately it was showed that the
strain induced by the film and substrate interface suppresses the low
temperature phase transition in conjunction with the superconductivity
for FeSe thin film within definite desired orientations [14]. Meanwhile,
it was also told that superconducting Thin films of Sr (Fe,  Cox),As,
and Ba(Fe, Co ), As,, correspondingly, while thin films of FeSe,
Ferrous Telenide (FeTe) and FeSe, Te were as well revealed to have
superconductivity. In recent times, The first superconducting epitaxial
LaFeAsO, Fx thin film with analogous Tc to that of bulk, by growing at
room temperature followed with 7h post annealing at 960°C in vacuum
[17-19].

The interfaces and surfaces have significant functions in
nanostructured materials as they have very specific surface areas for
reactions. The grain size of the nanostructured material has large
number of atoms at edge and corner sites, which enlarges number of
reactive vigorous sites. Numerous magnetic materials together with
reduced magnetic semiconductors and metallic and semi metallic Ferro
magnets have been grown on Gallium Arsenide (GaAs) substrates very
frequently.

Ferrous Selenide (FeSe), since a magnetic material with Curie
temperature greater than room temperature, besides might be grown on
GaAs and Silicon (Si) substrates. In earlier studies, highly familiarized
single phase FeSe thin films were fabricated by metal organic chemical
vapor deposition and the electronic and magnetic properties have been
researched [13-15]. The measurement made by Hall designated that as
grown FeSe thin film with hole concentration of as high as 10*°-10* cm™
and was p-type conduction. It was seen that the critical behavior in the
temperature-dependent resistivity characteristics has been observed

around 290 K for Fe,Se . and also establish that the properties of FeSe
films are sensitive to the growth conditions. On the other hand, the
relationship between electronic and magnetic properties of FeSe films
is not understandable. For the time being, minute information about
the magnetic an isotropy which is one of the important parameter for
the application of spintronic devices that can be scrutinized. It is found
that the structural, electrical, and magnetic properties of FeSe film
fabricated by low pressure metal organic chemical vapor deposition
are ferromagnetic with the Curie temperature T_around 305 K. A four
probe method with annealed indium pads as ohmic contacts is used to
measure the temperature dependent resistivity.

The preferred growth of thin films along the c-axis shows a
brawny thickness dependent suppression of superconductivity and
low temperature structural deformation. Quite the reverse, mutual
properties are less affected in the films with preferred orientation in
(101) plane. These consequences propose that the low temperature
structural distortion is closely associated with the superconductivity of
the material of FeSe films. The detection of Fe based superconductors has
motivated worldwide attention both experimentally and theoretically.
The ordinary characteristic of all the F based superconductor
compounds is that they have Fe, layers (X=P, As, S, Se,Te) compiled of
edge to edge sharing tetra and hexa with an Fe at the center.

The superconducting combination is considered to happen in
the FeX layers and it can be persuaded both by hole or electron
doping through chemical substitution or by high pressure. It was
extensively believed that in Fe-based superconductors, the As via anti
ferromagnetic super exchange interaction between the next nearest
neighbouring Fe-Fe atoms participates an important function. This
sort of interface depends strappingly on the limited geometry of an
Fe-As bond. Undeniably, it was initiated that the geometry of the Fe
tetrahedral unit, in fastidious, the bond length and the bond angle
strongly correlates with the superconductivity transition temperature
between two neighbouring X and Fe ions. It was found that in contracts
to from the metallic bulk FeSe, mutually monolayer and bilayer thin
films demonstrated a semiconducting behaviour with a collinear AFM
order on Fe atoms. In view of the dissimilarity between the mono
layer FeSe and multilayer FeSe thin films, it can be proposed that the
examined superconductivity occurs either at the interface of FeSe-
SrTiO, or just in the first FeSe layer, but not in the other FeSe layers.

The parameters such as crystallite size, strain, dislocation density
are calculated from X-ray diffraction studies. Optical absorption
measurements were used to estimate the band gap value of iron selenide
thin films deposited at various bath temperatures. Scanning electron
microscopy (SEM) was used to study the surface morphology. The
composition of FeSe thin films was analyzed using an energy dispersive
analysis by Xrays (EDX) set up attached with scanning electron
microscopy. Preliminary studies for photo electrochemical solar cells
based on iron selenide thin films were carried out and the experimental
observations are discussed [20-22].

In the present case the film surfaces were analyzed by Nano scope-
III atomic force microscope with STM attachment. The AFM studies
also offers the information regarding surface homogeneity, uniformity,
nanostructure, nature of grains and other special features of the films,
that are in nano meter regim. Also AFM is the basic confirmation tool
and plays an important role in nano technology, which deals with the
rearrangement/architecture of atoms so as to perform our desired
function in the nano meter scale.

Ubale et al reported that, the 2D and 3D AFM image of FeSe film
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confirms uniform deposition with porous morphology. The EDAX
study reveals that their on selenide films are rich in iron. The absorption
spectrum indicates that the spray deposited FeSe films have direct
transition with optical band gap 2.75eV. The electrical resistivity at
room temperature is of the order of 10°-10* ohm-cm and its variation
with temperature reconfirms semi conducting behavior of FeSe [23].

Maryam et al reported that, Silver selenide (Ag,Se) nanoparticles
have been sonochemically synthesized from the reaction of AgNO,
and SeCl, as precursors, in the presence of thiourea (CH,N.S) and
hydrazine hydrate (N,H,. H,O). It is found that the ultrasonic power,
reaction time and temperature and molar ratio between AgNO, and
SeCl, play important roles in controlling the composition and particle
size of products [9,24-26].

Satoshi Demura et al reported that, FeSe films were synthesised by
the electrochemical deposition in the electrolyte containing FeCl,.4H,O,
SeO, and Na SO,. The composition ratio of Fe and Se was controlled by
the synthesis voltage and pH value. The FeSe film with the composition
ratio of Fe:Se 1:1 is fabricated at a voltage of 0.9 V and pH 2.1 in electro
chemical deposition [27].

Experimental Section

Thin films of FeSe were prepared by electron beam evaporation
(EB) technique using a HINDHI-VAC vacuum unit (model: 12A4D)
fitted with electron beam power supply (model: EBG-PS-3K). For target
preparation, 500 mg of spectroscopically pure Ferric nitrate (99.99%)
was mixed with 2.5 mg of Selenium di oxide (SeO,) using a pestle and
mortar. The mixture was pressed into pellets by hydraulic method to
get pellet with a pressure of 500 kg/cm?, which was used as the source
material for evaporation. The pellet was taken in a graphite crucible and
kept in water cooled copper hearth of the electron gun. The pelletized
FeSe targets were heated by means of an electron beam collimated from
the direct current heated tungsten filament cathode. The surface of the
FeSe pellet was bombarded by 180°C deflected electron beam with an
accelerating voltage of 5 KV and a power density of ~1.5 KW/cm?.

The evaporated species from FeSe pellet were deposited as thin films
on the substrates in a pressure of about 1x 10° mbar. Each substrate was
placed normal to the line of sight from the evaporation source at a polar
angle to avoid shadow effects and also to obtain uniform deposition.
The different preparation parameters such as source to substrate
distance (15 cm) and partial pressure (10° mbar) have been varied
and optimized for depositing uniform, well adherent and transparent
films. The rate of evaporation (0.5 nm/s) was used to deposit all FeSe
films. The deposited FeSe films at 0.5 x 10 Pa oxygen pressure were
annealed at RT, 100°C, 200°C and 300°C respectively to study the effect
of annealing temperature on the structural, optical, and morphological
properties.

Result and Discussion
X-Ray diffraction (XRD) analysis

X-ray diffraction analysis was carried out in order to determine
the crystalline nature and phases of the deposited films at various
temperature ranges from RT, 100, 200 and 300°C respectively (Figure
1). Using X-ray diffraction data, the inter planar spacing d,  was
calculated from the Bragg’s relation:

d, .M (2 sin e)
Where
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Figure 1: XRD analysis of FeSe and its annealed temperatures.

\ is the wavelength of X-rays,
d is the inter planar spacing,
n is the order number.

The factor'd’ is related to (hkl) indices of the plane and dimension
of the unit cell. From X-ray diffraction data, the crystallite size of the
deposited films was calculated using Full Width at Half Maximum
(FWHM) data and Debye-Scherer formula D=0.9 \/(p cos)

Where,

) is the wavelength of CuKa radiation (\=1.5404),

B is the full width at half maximum of the peak in radians
0 is Bragg’s diffraction angle at peak position in degrees.

Dislocation density is defined as the length of dislocation lines
per unit volume of the crystal (Williamson and Smallman) [17]. The
dislocation density (8) is given by

6=1/D?

The origin of the micro strain is related to the lattice misfit, which
in turn depends upon the deposition conditions. The micro strain can
be calculated from the relation,

e=(Bcos0)/4

The c-axis lattice constant of the FeSe film can be obtained from the
diffraction angle by the formula 2dsinf=n\. From the experimentally
measured positions of (101), (110), (200) and (202) diffraction peaks,
we have calculated that the c-axis lattice constant is about 0.5498 nm,
which is a little smaller than 0.5518 nm bulk FeSe. Little of Fe vacancies
can be responsible for this slight decrease of perpendicular component
of lattice constant. It can be seen clearly that phase peaks emerges up as
with increasing the temperature. The calculated lattice parameter values
(@ and ©) show in very close agreement with the standard values.

It is observed from Table 1 that the crystallite size increases with
annealing temperature and attained a maximum value at annealing
temperature of 300°C. The rms micro strain, on the other hand decreases
gradually with increase in annealing temperature and attained a
minimum value for a typical FeSe film deposited at different annealing
temperatures from RT to 300°C. As the annealing temperature raises,
a great number of Fe and Se ions gets adsorbed on the substrate which
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Temperature Crystal size D Dislocation density & | Strain € x 10 No of crystallites n x Lattice parameters Bandgap (eV)
(’C) (nm) (%x10") lines/m? 10"%/unit area a (nm) ¢ (nm)
RT 21 23.7 2.12 20.7 3.705 5.51 2.85
100 28 218 2.06 16.2 3.699 5.495 2.81
200 44 18.7 1.91 9.5 3.697 5.497 2.79
300 47 19.2 2.01 8.96 3.626 5.499 2.75

Table 1: Strutural studies of FeSe thin films and its annealed temperatures.

Fe

Trtansiy (2. u.]

Energy (keV)

Figure 2: (a-e) SEM images of FeSe thin films annealed at different temperatures. Films annealed at different temperatures.

leads to crystallization. The crystallite size is observed to increase with
film thickness and maximum value is obtained for a film of thickness
of 48 nm at 300°C. Consequently, for thinner films, the micro strain
and the dislocation density are found to be outsized. Throughout the
strengthening of film thickness the dislocation density and micro strain
are reduced due to the release of stress in the films. Moreover with the
increase of film thickness, the crystallite size amplifies steadily and
leans to accomplish saturation for higher thicknesses (Table 1).

At higher temperature the lattice distortion in the FeSe film is
perceptibly not affected by the substrate strain effect because the film
aligns preferably along (101) direction. All of these results strappingly
maintain the conjecture that the dependence of opticity and conductivity
on film thickness is connected with the aptitude of the lattice to undergo
low temperature structural distortion, and supplementary authenticate
the importance of the low temperature structural distortion to the
origin of superconductivity in the FeSe scheme.

Morphological Analysis

The surface morphology of FeSe thin films was investigated by
means of scanning electron microscope (SEM), elemental diffraction
spectrometry (EDS), and high resolution transmission electron
microscopy (TEM).

The SEM pictures of FeSe thin films annealed at different
temperatures (room temperature, 100, 200 and 300°C) are shown
in Figure 2a-2e. It is observed from the SEM images that the films
deposited at RT have appeared to be rougher and demonstrates coarse
like structure. At higher temperatures (100-300°C) the films surface is
covered with uniform spherically shaped grains. The grains visible in
SEM picture thus represent aggregates of very many small crystallites.
The sizes of the grains are found to be in the range between 28 and 48
nm respectively. The average sizes of the grains are found to be 35 nm.

Compositional Analysis

The composition of the films was investigated using an energy

dispersive analysis by X-rays (EDX) set up attached with scanning
electron microscope. The EDAX results revealed that the following
composition in at percentage: For deposited film Fe is 67.30%, Se is
6.72%, for film annealed at 100°C Fe is 69.45%, Se 7.01%, for film
annealed at 200°C Fe is 67.29%, Se is 6.96% and film annealed at 300°C
Fe is 73.14%, Se is 6.18%.

Modern researches on the tetragonal phase FeSe (spacegroupP4/
nmm) have exposed that they endure a structural phase transformation
from 90 K(Ts), to orthorhombic phase (space group C mma), concerning
chiefly a insignificant distortion in(a-b) plane, i.e., y tetragonal angle
slightly enlarged from 90°, as it turns out to be superconducting at 8K
(Tc) [7,10,20]. Through varying the stoichiometry of FeSe, for instance
totalling extra iron [10,12], or doping with alien atoms, like substitution
of iron with copper [21], the low temperature structural distortion
could be suppressed along with the c-axis.

For thin-film samples, we have shown that by depositing at lower
temperature, e.g. at room temperature, the a-b plane of tetragonal FeSe
sits well at glass/Si substrate and the limitations to low temperature
structural distortion becomes stronger as the film grown emaciated.
If the films deposited at higher temperature, like 100-300°C, the
film favoured orientation changes from [001] to [101] and the film/
substrate interface broadens, resulting in more thickness independent
superconductivity and more sharp opticity.

AFM (Dimension 3100 controller Nanoscope IIla, Digital
Instruments, Veeco, Metrology Group) was used to characterize
contact mode at ambient temperature was done to further investigate
the morphology of the FeSe films. Root mean square (rms) surface
roughness value was determined on an area of 10 um x 10 um for all
samples. The roughness analyses software provided by the instrument
manufacturer was used to calculated rms. Through (Figure 3a-3d)
results, AFM surface morphologies of iron selenide films synthesized
at diverse temperatures.

AS-deposited FeSe thin film was investigated by taking AFM images
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through two and three dimensional surface morphology. Figure 3a-3d
shows the 3D and 2D AFM images of FeSe films annealed at different
temperatures. From the micrographs, one can see the total coverage
of the substrate with uniform growth of spherical grains. The rms
roughness of film surface is 6.32, 10.03, 14.46 and 30.78 nm for the films
of thickness 29.7, 50.9, 69.1 and 106 nm 156 and 270 nm respectively
at temperatures RT, 100°C, 200°C and 300°C. The surface for the
deposited film at lower thickness is almost smooth and independent of
the scanning area selected.

Figure 4: (a-d) 2D images of FeSe thin.

The images produces by AFM illustrate that the films are relatively
porous clusters and have a rough surface (Figure 3a-3d). A clustered
structure on which some grains are grown is shown in Figure 4a-
4d. The AFM views of films selenized at 300°C have a quite different
morphology than that of those selenized at 100°C. Asymmetrical
spherical and cylindrical crystallites were observed (Figures 3a-3d)
verifying the occurrence of more than one phase as observed by SEM as
shown in Figure 2a-2b. A strapping roughness was observed for these
layers for films produced at 300°C, when great grain size dimensions
were examined in Figure 4a-4d in 2-D AFM images.

Optical Transmittance Behavior with Temperature

Study of FeSe thin films by recording the transmission spectra gives
information about the optical features of semiconductor films about
their band structure and its influence on the variation of deposition
temperatures. Mainly grain size changes show observable influence in
the present study.

The transmission spectra of the films deposited at different substrate
temperatures was studied in the wavelength range 450 to 2500 nm.

Ahv=A(hv - Eg)”2

Figure 3 shows the transmission spectra of the FeSe films deposited
at as deposited, 100, 200 and 300°C respectively.

The spectra exhibit interference fringes. The absorption co-efficient
(a) was estimated from the transmission spectra. In order to find out
the nature of the band gap of the FeSe films, i.e. direct or in-direct band
gap, a and hv values were used to fit-in with the above equation,

For direct band gap, where E_ is the band gap of the FeSe films, a is
the absorption coefficient, A is the constant and hv is the photon energy.
The (ahv ?versus (hv)) plots (Figure 5a-5b), for all the films deposited
on glass substrates, show straight line portions which cut the hv axis
(x-axis) on extrapolation giving the band gap values. It is observed that
all graphs for the films deposited at different substrate temperatures
have straight line portions in the high energy region which confirms the
direct band gap nature for all the FeSe films prepared by EB evaporation
technique. The value of E_values are 2.87, 2.85, 2.82 and 2.78 eV for
the FeSe films deposited on glass substrates at RT, 100, 200 and 300°C
respectively. It is observed that the E_value decreases with increasing
substrate temperature. Which, in turn, depend on the increase of grain/
particle size of the FeSe films with increasing substrate temperature,
such observations have been reported for spray pyrolysis deposited
films [22,23].
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Figure 5: (a and b) UV-Vis Transmittance spectra and plot of (ahv)?vs. hv for as deposited and annealed FeSe thin films.
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The intersection point gives the direct band gap of the material and
is found to be 1.24 eV. It is established that the band gap value of the
samples obtained in this work is slightly higher than the value reported
earlier for electrodeposited FeSe.

Conclusion

The FeSe thin films were deposited using Electron beam
deposition method on Si substrates by changing molar concentration
of Fe(NO,),.9H,0 0.03 from to 0.18 M. The XRD study for FeSe thin
film deposited showed tetragonal crystal structure. The SEM and AFM
studies show cluster of porous morphology. The optical studies were
calculated by AFM and UV-vis spectroscopy. The results revealed that
thickness and roughness of surface is directly related to the temperate
changes that were varied during the film deposition.
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