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Chapter 4  

Dilute Fe doped Sb1-xSex and SbSe bi-

layer thin film system 

The purpose of the present chapter is, to study the dilute Iron doped Antimony rich 

SbSe thin films grown on Silicon substrate using physical vapor deposition technique 

and Sb-Se bi-layer thin films grown on quartz substrates. This chapter is divided into 

two sections. 

In the first section, dilute Fe doped Sb1-xSex thin films having composition 

Fe0.008Sb1-xSex: with Selenium concentration variation (x = 0.01, 0.05 and 0.10) is 

discussed using various characterizations as: structural, electrical, charge carrier 

concentration properties, optical, surface morphological and magnetic properties.  

In the second section, Annealing and irradiation effects in Sb-Se bi-layer thin 

films: The effects of Se layer’s thickness variations in Sb-Se Bilayer thin films grown on 

quartz substrate using thermal evaporation technique are discussed. Comparative study 

of pristine Sb-Se and annealed bilayer thin films of various thicknesses is discussed. 

This includes structural, electrical, surface morphological and compositional studies.  
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4.1 Dilute Fe doped Sb1-xSex thin films  

4.1.1 Introduction 

The study of magnetic semiconductors is their potential of combining 

semiconducting and magnetic behavior in a single material system. Such a combination 

facilitates the integration of magnetic components, into existing semiconducting 

processing methods. Thus provides compatible semiconductor– ferromagnet interfaces. 

As a result, DMSs are viewed as enabling materials for the emerging field of magneto-

electronic devices and technology. Because such devices exploit both the facet of the 

electron’s spin as well as charge. They are known as spintronic devices. In addition to 

their potential technological interest, the study of magnetic semiconductors is revealing 

a wealth of new and fascinating physical phenomena, including persistent spin 

coherence, novel ferromagnetism, and spin-polarized Photoluminescence [1]. 

DMSs are materials based on II-VI, III-V and IV-IV compound semiconductors 

have been of interest as they combine the two large branches in condensed matter 

physics; semiconductor and magnetism. These kinds of materials are also very attractive 

for technological point of view since there is exploitation of the spin of the electron, in 

addition to its charge, to create a new class of spin transport electronic devices [2-3]. 

DMS is a functional material which is magnetized by introducing local magnetic 

moments into the host by substitution of transition metals like Mn, Fe, Co, Ni or rare 

earth metals. Different preparation techniques have been adopted to raise the Curie 

temperature to RT in various DMS materials [4-6]. Charge carrier induced 

ferromagnetic interaction is proposed as a mechanism for these systems [7-8]. A lot of 

work has been done with doping of different transition metals in CdTe [9], CdSe [10-

11], InSb [12] and ZnO [13]. Some of the studies like S. A. Gad et.al. [9] reported the 

structural and optical properties of Cd1-xMnxTe DMS system, J. A. Peters et. al. [12] 
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reported the Magneto-transport properties of In1-xMnxSb magnetic semiconductor thin 

films whereas S. Riaz et. al. [14] reported RT ferromagnetism in Sol-gel deposited un-

doped ZnO films. 

Zayed et. al. [15] reported the structural and electrical properties of un-doped 

Sb1-xSex (0 ≤ x ≤ 0.9) thin films grown on glass and quartz substrate. He reported that 

the DC electrical conductivity is of the order of 10-12 Omega-1 cm-1 to 10-2 Omega-1 cm-

1 for Selenium rich compositions and from 10-5 Omega-1 cm-1 to 10 Omega-1 cm-1 for 

the antimony rich compositions. They showed that for values of x = 0, 0.1, 0.3, 0.4 and 

0.9 p-type conduction takes place, whereas for x = 0.5 it is n-type conduction. Kang. et. 

al. [16] reported the structural transformation of SbxSe1-x thin films for phase change 

nonvolatile memory application. Among many groups of semiconductors, the V-VI 

group semiconductor alloys doped with magnetic impurity show potential ability to 

form electron mediated ferromagnetism as reported in one of the earliest studies on Fe: 

Sb1-xSex bulk alloy [17]. The electron mediated ferromagnetism is attributed to p-d 

exchange & carrier induced polarization. Recently similar type of interaction in Ge 

based alloy thin films [18] is also reported. Although the bulk studies of Fe: Sb1-xSex 

showed RT magnetism [17], the properties of thin films may differ dramatically. Also 

the thin films are important for the application purpose. It is thought that it would be 

extremely useful to see characteristics of thin films. To see the properties of thin films 

dilute Fe (0.008) doped Sb1-xSex alloy films are prepared. Although in the literature, 

some work on FeSb2 compound and alloy thin films of Fe-Sb does exist, but the 

concentration of Fe in Sb system is extremely high [19-21]. In a reported study on bulk 

FexSb100-x, even at extremely high concentrations of Fe (x = 0.63), no magnetic 

interaction is seen [22]. No report on Fe-Sb-Se alloy thin films with Fe in such low 

concentration is found in literature. 
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 In this section of the chapter, studies of very dilute Fe (0.008) doped Sb1-xSex (x 

= 0.01, 0.05 and 0.10) thin films prepared on Silicon (Si) substrate by thermal 

evaporation technique are discussed. Effect of Selenium concentration variation in 

structural, electrical, optical, surface morphology and magnetic properties of Fe0.008Sb1-

xSex
 thin films is discussed.  

4.1.2 Experimental details 

To prepare the thin films of Fe0.008Sb1-xSex (x = 0.01, 0.05, 0.10) alloys, bulk 

alloys are prepared by arc melting of highly pure elements, namely Antimony (99.999 

% Alfa Aesar), Selenium (99.999 %, Alfa Aesar) and Iron (99.998 %, Alfa Aesar) under 

argon atmosphere in an arc furnace. During the sample preparation oxygen 

contamination is avoided by evaporating the Titanium inside the vacuum chamber 

before the arc melting. To get the homogeneity in the sample, the melting process is 

repeated many times. During the melting process weight-loss of the sample is less than 

0.5 %. 

After the preparation process of bulk alloys, the Fe doped Sb1-xSex thin films are 

deposited on Si substrate by thermal evaporation technique with varying Selenium 

concentration for x = 0.01, 0.05 and 0.10 respectively. The Silicon substrate is put on 

the top of a Molybdenum crucible boat loaded with Fe0.008Sb1-xSex (for x = 0.01, 0.05 

and 0.10 respectively) and evaporated using resistive heating in > 10-5 Torr. To get rid 

of the contamination, the substrate is cleaned properly prior to deposition. Deposited 

thin films are annealed at 300 oC temperature at 5×10-5 Torr for 1 hour to release stress. 

It also enhances better adhesion between the films and substrate. The measured 

thickness of the films is ~ 500 nm using Fizeau fringes.  

The structural study of alloy thin films is done by Grazing Angle X-ray 

Diffraction (GAXRD) technique using Bruker D8 Advance X-ray diffractometer. The 
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X- rays are produced using a sealed tube and the wavelength of X- rays are 0.154 nm 

(Cu K- alpha). The X- rays are detected using a fast counting detector based on silicon 

strip technology (Bruker LynxEye detector). This configuration allows the use of a 

Grazing Angle X-ray Diffraction (GAXRD). This XRD pattern is monitored at RT with 

a constant rate of 0.05 degree/3s at grazing angle (α) 0.5o. The optical study of the thin 

films is done using PL measurement at RT using Spectrofluorophotometer. The 

resistivity measurement is done on these thin films using four probe method in the 

temperature range of 100-350 K. For this study Indium is used to make contact. The 

whole resistivity set-up unit is kept in a cryostat and the resistance is measured by 

Keithley 617 programmable electrometer connected to the DC Power supply [23]. The 

sample surface is analyzed using Atomic Force Microscope (AFM) from Digital 

Instruments (Nanoscope III) with Si3N4 tips under ambient conditions in the contact 

mode at RT. This provides high resolution surface micrographs. Magnetic imaging of 

sample surface as a function of the Se concentration is carried out by a magnetic force 

microscope (MFM) from the Nano magnetic instrument at RT. AFM and MFM are 

employed to spatially probe the structure of the sample surfaces and distribution of the 

local magnetic field.  

4.1.3 Structural studies 

The X- ray diffraction pattern of as deposited dilute Fe (0.008) doped Sb1-xSex 

(x = 0.01, 0.05, 0.10) alloy thin films is shown in figure 4.1. 
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Figure 4.1: XRD spectra of Fe0.008Sb1-xSex (x = 0.01, 0.05 and 0.10) thin films grown on Si 

substrate 

In this diffraction pattern the observed peak positions at 23.8o (003), 28.8o (012), 40.3o 

(104), 42.4o (110), 47.1o (015), 48.5o (113), 51.5o (202), 60o (024), 63.1o (107), 66,4o 

(116) matches with the JCPDS card of the Sb (ASTM-JCPDS card no. 85-1324). This 

indicates the formation of polycrystalline rhombohedral Sb structure. In this diffraction 

pattern it is observed that there are two merged peaks at two different peak positions 

viz. 47.2o (112) and 48.3o (200) these peaks seems to be of Sb-Se compound phase. The 

intensity of these Sb-Se peaks increases with increase in Se concentration. However, no 

peaks of Fe or Fe related magnetic phases with Sb or Se is observed in the XRD pattern. 

With the increase in Se concentration there are relative changes in the intensity and 

small shifts in XRD peak position indicating that Se is getting incorporated into the alloy 

thin films. 

The crystallite size is calculated by using the Debye Scherrer Formula i.e. 
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𝐷 =
0.89𝜆

𝛽𝑐𝑜𝑠𝜃
 

Where D is crystallite size, λ is the wavelength of X-rays, θ is the angle of 

diffraction, and β is the broadening of the diffraction line measured at half its maximum 

intensity in radians. The average crystallite size of the Fe doped Sb1-xSex thin films is 

found to be in between ~ 14-19 nm for x = 0.01- 0.10 shown in table 4.1. With the 

increase in Se concentration peaks becomes more intense and sharper i.e. crystallinity 

of thin film increases with Se concentration. 

Sample composition Structural parameters 

Fe0.008Sb1-xSex  Crystallite Size (nm) 

x = 0.01 14.2 

x = 0.05 15.9 

x = 0.10 18.8 

Table 4.1: Structural parameters of Fe0.008Sb1-xSex for x = 0.01, 0.05 and 0.10 thin film system 

4.1.4 Electrical Studies 

The resistivity as a function of temperature is calculated from the resistance 

taking the geometry and film thickness of the film into account. The plotted curves for 

electrical resistivity (lnρ) versus 103/T with different Se concentrations (x = 0.01, 0.05 

and 0.10) are shown in figure 4.2. All the films (for x = 0.01, 0.05 and 0.10) show very 

low resistivity (order of 10-3) and varies from 0.05 to 0.10×10-3 Ω-cm. Below RT 

resistivity increases linearly with temperature, which clearly show the metallic nature 

of the alloys having positive Temperature Coefficient of Resistance (TCR). However, 

resistivity starts decreasing above RT indicating a phase transition, i.e. metal to 

semiconductor phase transition taking place [24]. This transition from positive TCR to 

negative TCR seems to be due to the formation of some compound phase of Sb-Se [24]. 
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Figure 4.2: (10)3/T vs. ln(resistivity) spectra of Fe0.008Sb1-xSex thin films for different Se 
concentration: x = 0.01, 0.05, 0.10. 

This compound phase formation decreases the charge carrier density as 

discussed later in our Hall Effect study. With the increase in Se concentration (from x = 

0.01 to 0.10) there is an observed shift of transition regime from 305 to 328 K i.e. 

towards higher temperature which supports the probability of compound phase 

formation of Sb-Se. This shift in temperature increased from 305 to 328 K is shown in 

table 4.2. It indicates that the transition temperature can be tuned with Se concentration 

which is supported by the argument of diffusion probability. 

Sample composition parameters calculated from resistivity measurement 

Fe0.008Sb1-xSex  

 

Activation 

energy (meV) 

Transition 

Temperature (K) 

Temperature 

coefficient of 

resistance (oC-1) 

x = 0.01 1.09 305 2.96×10-4 

x = 0.05 2.09 320 5.78×10-4 

x = 0.10 3.21 328 8.64×10-4 

Table 4.2: Electrical parameters of Fe0.008Sb1-xSex for x = 0.01, 0.05 and 0.10 thin film system 



 

88 
 

The value of TCR increases from 2.96 × 10-4 oC-1 to 8.64 ×10-4 oC-1 with the increase in 

values of Se concentration in the temperature range 100 to 250 K. The value of TCR is 

shown in table 4.2.These results are used to calculate activation energy below the 

transition region using Arrhenius Equation [25]. 

 

Figure 4.3: Se concentration (x) vs. Activation Energy (Ea) plot of Fe0.008Sb1-xSex thin films 

i.e.  

R (t) = R0 exp (Ea/KbT) 

Where R(t) is resistivity at temperature T, Ea is the Activation energy and Kb is the 

Boltzmann constant. The activation energy is plotted as a function of the Se 

concentration (x) is shown in figure 4.3. The calculated Ea for different Se concentration 

(x = 0.01, 0.05 and 0.10) is also listed in table 4.2. It is observed from the value of the 

activation energy for different x that with the increase in Se concentration, the activation 

energy increases linearly from 1.09 to 3.21 meV. 
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Figure 4.4: Temperature dependence of Resistivity ρ(T) measured with varying concentration 

of Se in Fe0.008Sb1-xSex thin films, by the relation based on the three-dimensional Mott’s 

variable range hopping conduction (3D-VRH), using equation, ρ ∝ exp(T0/T )1/4.The solid lines 

are linear fit of data. 

In order to explain the low temperature transport mechanism in Fe (0.008) doped 

Sb1-xSex thin films, the hopping conductivity in the disordered systems can be 

understood by Variable Range Hopping (VRH) mechanism as suggested by 

Ambegaokar et. al. [26], which fits very well in the temperature range 150-300 K. His 

idea is based on a model in which charge is transported by thermally assisted hopping 

of electrons between localized states, which are randomly distributed at energy and 

position. The VRH mechanism is governed by [27].  

ρ (T) = ρ0 exp (T0/T)1/4 

Where, ρ0 and T0 denote material parameters. Here KBT0 = [1.5/α3N(E)], where 

N (E) is the density of the state at Fermi level and α denotes the rate of fall- off of the 

envelop of the electron wave function. The plotted normalized resistivity (lnρ) as a 
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function of (1/T) 1/4 is shown in figure 4.4. This plot is a straight line. These data (square 

black box) are linearly fitted (red line). The figure 4.4 depicts both experimental and 

fitted values. It is observed that value of T0 increases with the increase in Se 

concentration. This suggests that the density of states at the Fermi level decreases with 

increase in Se concentration in a Fe0.008Sb1-xSex system. This result evinces the hopping 

of charge carriers between randomly distributed localized electronic states in the 

samples. 

4.1.5 Photoluminescence (PL) studies 

The PL emission spectra of Fe (0.008) doped Sb1-xSex thin films with varying Se 

concentration (x = 0.01-0.10) in the wavelength range 350-650 nm is shown in figure 

4.5. These PL spectra are recorded at RT. From these spectra emission peak at 370, 384, 

394 nm and shoulder at 406 nm are observed. In addition to this there are two broad 

peaks at 452 and 471 nm. It is also seen that with the increase in Se concentration in the 

system number of impurity peaks increased (maximum no. of impurity peaks at x = 

0.10).  
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Figure 4.5: PL spectra of Fe0.008Sb1-xSex at x = 0.01, 0.05 and 0.10 
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This observation suggests that there is an increase in the crystallinity of the material, 

with an increase in the Se concentration. This is also supported by the observed XRD 

patterns. Due to increase in crystallinity of the host material, the energy levels become 

more discrete resulting into more intense electronic transitions corroborated by an 

increase in the energy at 365 nm and intensity of the PL peak. 

4.1.6 Hall Measurement  

The Hall Measurement is performed on these thin films at RT for different Se 

concentrations for x = 0.01, 0.05 and 0.10. It is observed from the Hall studies that 

charge carrier concentration decreases from 2.02×1020 to 1.47×1020 cm-3 with the 

increase in Se concentration from 0.01 to 0.05. In the Fe0.008Sb1-xSex thin films, 

Selenium acts as a donor in Antimony and with increase in the Se concentration the 

charge carrier concentration should also increase. But surprisingly the carrier 

concentration decreases with increase in Se concentration from x = 0.01 to 0.05. It may 

be due to the formation of Sb-Se compound phase in the thin film resulting in decrease 

in charge carrier. With further increase in the value of Selenium to x = 0.10, the charge 

carrier almost remains same ~ 1.49×1020 cm-3. For low temperature Hall measurement 

performed at 77 K for x = 0.10. At temperature 77 K for x = 0.10 the charge carrier 

concentration is found to be ~ 1.10 ×1017 cm-3.  

4.1.7 Surface morphological studies 

The surface morphological studies of the Fe doped Sb1-xSex thin films for 

different Se concentration is studied by using atomic force microscope (AFM) over 

1×1µm2 area. The results are displayed in two dimensional and three dimensional 

images of figure 4.6. These AFM images are analyzed in terms of surface particle size 

and root mean square (rms) roughness. From the figure one can observe that smooth and 

adherent films are obtained. 
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Figure 4.6: Surface morphological (AFM) two dimensional (left side) and 3-Dimensional (right 

side) images of Fe0.008Sb1-xSex for x = 0.01, 0.05 and 0.10 respectively 

The values of average particle size and rms roughness as obtained from these 

studies are given in table 4.3. These AFM images show almost uniform particle size 

distribution.  
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Sample 

composition 

AFM 

Fe0.008Sb1-xSex  

 

Average Particle size (nm) 

with standard deviation 

Average rms roughness  

over 1×1µm2 (nm) 

x = 0.01 47 4 1.78 

x = 0.05 53 5 2.93 

x = 0.10 61 5 3.01 

Table 4.3: Surface morphological parameters of Fe0.008Sb1-xSex for x = 0.01, 0.05 and 0.10 thin 

film system 

The particle size increases from 47-61 nm with increase in Se concentration for 

x = 0.01- 0.10 respectively. With the increase in Se concentration surface morphology 

of the films is found to change continuously that might be due to degradation in 

amorphous quality i.e. crystallinity enhances. The root mean squared (rms) surface 

roughness also increases with the increase in Se concentration. 

4.1.8 MFM studies  

The figure 4.7 shows AFM images (left side) and MFM images (right side) of 

the same area of 1×1 µm2 for the x = 0.01, 0.05 and 0.10 in Fe0.008Sb1-xSex thin films 

respectively. The magnetic domain size as obtained from the figure 4.7 is given in table 

4.4.  

Sample composition MFM 

Fe0.008Sb1-xSex 
Average magnetic domain size (nm) With 

standard deviation 

x = 0.01 54 4 

x = 0.05 63 4 

x = 0.10 69 4 

Table 4.4: Magnetic (MFM) parameters of Fe0.008Sb1-xSex for x = 0.01, 0.05 and 0.10 thin film 

system 

The diameter of the domains is measured in case of circular domains, length and 

breadth of the domains in the case of rectangular like domains & major and minor axis 
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in case the domains that are like elliptical, and equated them to an equivalent circle to 

get the domain size [28]. On comparing the AFM and MFM images, it can be seen that 

several dark spots in MFM images are not similar in contrast to the AFM image. It 

indicates the absence of surface effects.  

 

 

 

Figure 4.7: Topography AFM image (left) and corresponding MFM image (right) of the same 

area of 1×1 µm2 for x = 0.01, 0.05 and 0.10 in Fe0.008Sb1-xSex thin film respectively 
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Hence the magnetic signals observed may be due to intrinsic magnetic properties 

of the alloy. However the brightness in MFM images being almost uniform with small 

variation supports the absence of magnetic clusters, as magnetic clusters are expected 

to give large contrast. 

Also in XRD spectra no peaks of Fe or magnetic phases of Fe with Sb or Se is observed. 

This also supports the absence of clusters or magnetic phases in the films. It seems that 

the magnetic interactions at RT is not due to any Fe clusters or magnetic phases of Fe 

but could be due to long range ordering of Fe local moments mediated by electron 

charge carriers introduced via Se doping in Fe-Sb system. This type of interaction is 

also observed by us in bulk studies of the same system in the concentration range of 

0.01 < x < 0.02 of Se [14].   
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4.2 Annealing and irradiation effects in Sb-Se bi-layer 

thin film 

4.2.1 Introduction 

The bilayer and multilayer thin films are becoming increasingly important in the 

development of faster, smaller and more efficient electronic and optoelectronic devices 

[29] The III-V, V-VI and IV-VI semiconductors are of importance for their various 

applications in electro-optical device and infrared detectors [30]. Various studies on the 

III-V, IV-VI bilayer thin film systems [31-34] are reported. R. K. Mangal et. al. [31-32] 

studied the bilayer thin film of III-V compound as Al-Sb [31] and In-Sb [32] and 

compared the annealed films with as deposited films. M. Singh et. al. [33] characterized 

the Zn-Se bilayer thin film for structural, optical and thermopower properties. P M P 

Salome et. al. [34] studied the Mo bilayer thin film for photovoltaic properties and they 

compared the bilayer films with varying thickness for various studies. There are many 

other studies of bilayer films of different systems [35-38] for various application 

purposes. 

The studies of V-VI group elements like Sb2Te3, Bi2Te3 [39] and SbSe [40-42] 

are particularly important for their photovoltaic properties and high thermo-electric 

power, which allows possible applications for optical and thermo-electric cooling 

devices. P P Pradyumanan et. al. [39] reported the thickness variation study of Bi2Te3, 

Sb2Te3 bilayer thin films which are prepared using thermal evaporation technique. They 

reported the effect of annealing on structural, electrical and thermo-electrical properties 

and concluded that bilayer films of Bi2Te3-Sb2Te3 have more thermo-electric power at 

RT. K. Y. Rajpure et. al. [40] reported the effect of substrate temperature on the spray 

deposited Sb-Se bilayer thin films. K. Kolev et. al. [41] reported CW laser induced 
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transformation of Sb, Se and Sb2Se3 thin film in the air. This transformation of Sb, Se 

and Sb2Se3 occurs via thermal mechanism. It is observed that the transformations are 

drastically accelerated when the temperature attains critical value. While in another 

study by K. Kolev et. al. [42] reported synthesis of Sb2Se3 films using Argon laser 

irradiation from Sb-Se bilayer films. These films are analyzed with optical and X-ray 

photoelectron spectroscopies. The result gives the good reflectivity contrast between as 

grown and synthesized films. Due to extremely important applications of SbSe system, 

bilayer thin film of Sb and Se of different thickness of Se layer is prepared. The 

comparative studies of as deposited annealed and irradiated Sb-Se bilayer thin films are 

studied.  

4.2.2 Experimental Techniques 

 To prepare Sb-Se bi-layer thin films high purity antimony (99.999%) and Selenium 

powder (99.999%) are used. The films are grown on quartz substrate using thermal 

evaporation technique. The quartz substrates are placed in substrate holders above the 

boat carrying materials. The antimony is first evaporated and then Selenium is deposited. 

The thickness of Se layer deposited is 503 Å, 301 Å & 100Å, whereas the thickness of 

Sb is 1015, 1013 and 1033Å (named as SbSe1, SbSe2 & SbSe3 respectively) to get Sb-

Se bi-layer structure. The effect of vacuum annealing and irradiation on these thin films 

is studied.  

 A set of these thin films is annealed at 473 K temperature at a > 10-5 Torr pressure 

for mixing the bilayers for two hours and another set of the sample is irradiated with 

200 MeV Ag15+ ions using a 15 UD Tandem Accelerator, at Inter University Accelerator 

Centre (IUAC) New Delhi with influence of 5×1012 ions per cm2. Irradiation process is 

done at RT. The ion beam is focused to a spot of 1 mm diameter and scanned over a 

1.1×1.1 cm2. The radiation beam is focused to cover the whole sample. 
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 To see the structural, electrical, microstructural and surface morphological 

effects on annealing and irradiation on these thin films various characterization 

techniques like GAXRD, four probe resistivity, Scanning electron microscopy and AFM 

measurements is done respectively. EDXA measurement is done on un-irradiated thin 

films to observe the composition of the films. 

The binary thin films of Sb-Se are characterized by Grazing Angle X-ray 

diffraction (GAXRD) technique using Cu-Kα radiation source (wavelength 1.54Å) 

scanned between 20 to 65o 2θ range with a grazing angle (α) at 0.5o. Resistivity 

measurements are carried out by the conventional Four-Probe Method. Scanning images 

are observed by using a model JOEL-JSM 5600 equipped with EDXA analysis [43]. 

The sample surface is analyzed using AFM from Nanoscope III Digital Instrument. 

4.2.3 Structural studies  

 The figure 4.8(a-c) shows the X-ray diffraction pattern (GAXRD) of as 

deposited (figure 4.8(a)) Annealed (figure 4.8(b)) and (figure 4.8(c)) irradiated bi-layer 

Sb-Se thin films grown on quartz substrates. The thickness of Antimony is ~1000 Å and 

thickness of Selenium variation is 100 Å, 300 Å & 503 Å respectively. It is observed 

from the XRD spectra of annealed films, that there is no noticeable change due to 

annealing as compare to as deposited film. It is also seen that from the XRD pattern of 

as deposited and annealed SbSe bilayer thin films (figure 4.8(a) and 4.8(b)) the 

reflections at 23.6o (003), 40.2o (104), 47.3o (015), 48.5o (113) and 66.4o (116) are due 

to the Antimony rhombohedral structure. These peaks match with the JCPDS card no. 

85-1324. 
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Figure 4.8(a): X-ray diffraction pattern of as deposited Sb-Se bilayer thin film 

 

Figure 4.8(b): X-ray diffraction pattern of annealed Sb-Se bilayer thin film 

The irradiation in the Sb-Se bilayer is done with the expectation that due to the 

irradiation process Sb and Se layer will interact and SbSe alloy or compound phase of 

Sb-Se will be observed. But on irradiation of as grown films with 200 MeV Ag+15 ions 

at fluence of 5×1012 ions per cm2, the peak at ~ 40 degree vanished.  
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Figure 4.8(c): X-ray diffraction pattern of irradiated Sb-Se bilayer thin film 

The XRD spectra of the irradiated films with SHI beam (figure 4.8(c)) matches 

with the JCPDS card of the Se cluster. Hence, with SHI instead of the formation of Sb-

Se alloy it is seen that Se clusters are formed. It should be noted that the vapor pressure 

of Selenium is extremely high as compared to Antimony. Due to extremely high 

temperature exposure due to prolonged SHI irradiation, it seems that Se due to its high 

vapor pressure, becomes mobile and clusters of Se are observed in Sb-Se bilayer films 

instead of the formation of any compound phase or alloy of SbSe. After this irradiation 

process transition metal implantation is planned, but didn’t observed SbSe alloy and 

hence implantation is cancelled. 

The quantitative analysis of XRD data in terms of strain broadening and 

crystallite size is done using Williamson – Hall equation [44] given by 

βcos θ = 
0.89λ

D
+ 4ε sin θ 

This equation distinguishes strain broadening and broadening due to crystallite 

size. Here β is Full Width at Half Maxima (FWHM) determined from the XRD pattern, 

D is the crystallite size, θ is Bragg angle and λ is the wave length of X-rays used and ε 
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is the strain. The crystallite size for different thickness of Se, for as deposited, annealed 

and irradiated films are shown in table 4.5 respectively.  

Sample 
crystallite size (nm)  

as deposited annealed Irradiated 

SbSe3 15.72 16.48 28.09 

SbSe2 14.71 15.41 26.21 

SbSe1 12.36 14.77 22.27 

Table 4.5: Structural parameters calculated from XRD analysis for as deposited, annealed and 

irradiated samples respectively. 

The table 4.5 shows that the crystallite size decreases with the increase in the 

thickness of Selenium layer. It is also observed from the table that the crystallite size 

increases after annealing and irradiation of the respective films. The irradiated films 

have higher crystallite size as compared to the as deposited and annealed films. 

4.2.4 Electrical studies 

To examine the temperature dependence of the resistivity, electrical resistivity 

measurements are done by four probe method for the temperature range of 80-300 K for 

SbSe1 (thickness of Sb 1013Å & Se 503 Å). 
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Figure 4.9: Resistivity measurement of binary Sb-Se thin film with Sb = 1015 Å and Se = 503 Å 

(SbSe1) thickness 
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The four probe method is discussed in chapter 2. The plots drawn of electrical resistivity 

(ρ) versus temperature (T) for as deposited and annealed SbSe1 thin films are shown in 

figure 4.9. It is observed from the figure 4.9 that the electrical resistivity linearly 

increases with the increase in temperature, which indicates the metallic behavior having 

positive Temperature Coefficient of Resistance (TCR) of binary Sb-Se thin films. It also 

reveals from the figure 4.9 that the resistivity of the annealed SbSe1 film is higher as 

compared to the as deposited film at higher temperature. From the Arrhenius plot (plots 

in between ‘lnρ’ versus ‘1/T’) the activation energy is calculated using Arrhenius 

Equation [45]. The calculated activation energy for SbSe1 (thickness of Sb 1015 Å & 

Se 503 Å) as deposited and annealed thin films are 4.31 meV & 7.13 meV observed 

respectively. 

4.2.5 EDXA studies 

To see the composition of the thin films EDXA is done on as grown films. The 

EDXA peaks for SbSe1 and SbSe3 are shown in figure 4.10 and 4.11 respectively. The 

peaks of Sb and Se are resolved with atomic concentration of 68.30 % & 31.70 % for 

SbSe1 and 89.59 % & 10.41 % for SbSe3 respectively. EDXA characterization depicts 

the proper composition (atomic percentage) of Sb & Se according to thickness. 

 

Figure 4.10: EDAX spectrum of SbSe1 as deposited thin film 
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Figure 4.11: EDAX spectrum of SbSe3 as deposited thin film 

4.2.6 Microstructural studies 

Scanning electron microscopy (SEM) is done to observe the growth mechanism. 

The SEM micrographs of the sections of the films are shown in figure 4.12, where the 

results from as deposited and annealed types are compared. The left side micrograph 

represents as deposited SbSe1 thin film while the right micrograph represent the 

annealed thin film of the same. This micrograph reveals that as deposited film is not 

uniform in thickness. The presence of randomly spread thinner and thicker areas 

conform the growth of film by a three-dimensional growth mechanism in thin film 

preparation technique. 

   

Figure 4.12: SEM micrograph of as deposited and annealed SbSe1 thin films respectively 

When the film is annealed at vacuum with pressure > 10-5 Torr for 2 hours at 473 K 

temperature, thickness distribution of the film becomes uniform as observed, over the 

film. 
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4.2.7 AFM studies 

The surface morphological characteristics of these films are obtained from AFM 

studies. Figure 4.13, 4.14 and 4.15 shows AFM image of as deposited and irradiated 

respective thin film surfaces grown on quartz substrates. 

 

Figure 4.13: AFM 2-D images of as deposited and irradiated (fluence 5×1012 ions per cm2) 

SbSe3 bi-layer thin films 

 

Figure 4.14: AFM 2-D images of as deposited and irradiated (fluence 5×1012 ions per cm2) 

SbSe2 bi-layer thin films 

 

Figure 4.15: AFM 2-D images of as deposited and irradiated (fluence 5×1012 ions per cm2) 

SbSe1 bi-layer thin films 
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Sample 

Particle size (nm) 

measured from AFM 

rms roughness (nm) 

measured from AFM 

As deposited irradiated As deposited Irradiated 

SbSe3 57.4 44.7 0.61 0.44 

SbSe2 48.4 43.7 1.23 0.76 

SbSe1 47.2 19.8 2.02 1.08 

Table 4.5: Surface parameters calculated from AFM analysis for as deposited and 
irradiated samples respectively. 

The particle size and root mean square (rms) roughness observed from AFM 

studies are listed in table 4.5. 

The AFM studies indicate that with the increase in thickness of the Se layer form 

SbSe3 to SbSe1 the particle size decreases and rms roughness increases for both as 

deposited and irradiated thin films. From table 4.5 it is also observed that due to 

irradiation with Ag+15 ions at fluence 5×1012 ions per cm2 thin films particle size and 

rms roughness decreases.  

The values from XRD and AFM (table 4.5) shows that crystallite size after 

irradiation increases while the particle size decreases. From the AFM images it seems, 

the observed particles are not single crystals but are made-up of few crystallites. It is 

observed that due to irradiation the particle size decreases than as deposited, but the 

crystallinity of the film improves much more than that of as deposited film. 
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