Chapter 3
Dilute Fe doped Ge1-xSby alloy thin

film system

The present chapter discusses, the study of dilute Iron doped Germanium rich GeSb
alloy thin films i. e. Feo.o01Ge1-xShx, grown on Silicon substrate using physical vapor
deposition technique. This chapter is divided in two parts.

Part I, Dilute Fe doped Ge1.xSbhy alloy thin films: In this section the effects of
Antimony concentration variations in Feo.o1Ge1-«Shx thin films grown on Si substrate
using thermal evaporation technique have been discussed. Various characterization
studies of the Feo.01Ge1-xShx thin films such as structural, electrical, surface morphology
and magnetic studies are discussed in detail.

Part I1, Irradiation effects of SHI beam on Feo0:Ge1xSbx alloy thin films: This
section describes the comparatively study of un-irradiated and irradiated dilute Iron
doped Gei1xSbx (x = 0.01 and 0.10) semiconducting alloy thin films. A Comparative
study of un-irradiated and irradiated films on structural, electrical and surface

morphology properties of the films is done using various technigues.
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3.1 Fep01Ge1xSby alloy thin films

3.1.1 Introduction

The group IV based semiconducting materials such as Germanium (Germanium is
discovered by Clemens A. Winkler at Freiberg, Germany in 1886), doped with small
concentration of magnetic ions have extensively been studied for its application in
spintronics [1-9]. In solid state electronics and semiconductor physics, Germanium (Ge)
may be used as an intrinsic semiconductor which forms the starting point for the
fabrication. Ge is an indirect band gap semiconductor having a high refractive index,
possessing small effective mass and high mobility as compared with Silicon (Si).
Germanium has more free electrons and a higher conductivity at a given temperature.
The addition of a small percentage of other atoms in the crystal lattice of Ge, produces
dramatic changes in their electrical properties as well as other properties and doping
produces n- type and p-type semiconductors. The band theory suggests that p-type and
n-type semiconductors show extra energy levels in addition of impurities. The changes
in the properties due to doping resulted in various studies on Ge using different doping
[1-3].

The ferromagnetic ordering observed in transition metal doped Ge thin films [4-
5] and bulk systems [6-7] has shown Curie temperatures (Tc) well below RT. However,
RT ferromagnetism is reported in GeMn, Ge1-xMnx compound thin films [8-9] & also
in some ternary compound semiconductors like (CdosMno2)GeP2 [10] and
(Zno.9sMno.os)GeP2 [11]. Somayajulu et. al. also observed hyperfine magnetic
interactions at RT in Fe doped Ge based bulk system with doping of V-VI group donor
impurities [12]. Yusuke Shuto et. al.'s [13] study of Fe concentration dependence in
GeixFex (x = 0.02 to 0.24) thin films reported magnetism for x < 0.13. The Curie

temperature is well below RT at ~170 K. R. Goswami et. al.'s [14] study on Fe doping
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in Ge results in the formation of ferromagnetic nanoparticles FesGez. A study by S.H.
Song et. al. [15] in Gei-xFex thin films for x = 0.04 to 0.40, prepared by thermal co-
evaporation technique showed saturation magnetization of 2.40 emu/cm? for x = 0.04.
Recently published articles by Nam Hee Kim et al. [16] and Carl M. Liebig et. al. [17]
reported the effects of Ag doping on the crystallization properties of Sb rich GeSb thin
films and Phase-transitions in GeSb induced by customized ultrafast optical pulses
respectively. Study by T.B. Massalski et. al. [18] showed possible compounds in the
binary Ge-Fe system as FeGez, FeGe, FesGes, and FesGe. All these compounds are non-
magnetic.

In one of the earlier study by Narendra Patel et. al. [19] reported the bulk
Feo.00sGe1-xSbx system (at x = 0.00) in the absence of Sh, no magnetic interaction is
observed. But when Sb is incorporated in this system hyperfine magnetic field is
observed at Fe site. A Microscopic technique Mossbauer spectroscopy is used to see
the magnetic interaction in the bulk system at RT. The authors observed magnetic
interaction (i.e. hyperfine magnetic field) at Fe site for Sb (0.01 < x < 0.05)
concentration, which evinces the magnetic interaction is Sb concentration dependent on
the bulk system [19].

In this chapter the various studies of donor impurity (Sb) doped in Ge host lattice
with extremely small concentration of Fe (0.01) thin films are discussed. No reports are
found in which the Fe doping in Ge thin films is investigated for such a low

concentration.

3.1.2 Experimental details

Feo.01Ge1xShx (X = 0.01, 0.05 and 0.10) bulk alloys are prepared by melting
desired quantities of constituting elements having > 99.99% purity under argon

atmosphere in an arc furnace. The details of argon arc furnace are discussed in chapter
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2. The alloys are re-melted many times to ensure homogeneity. The ingots of bulk alloys
are grounded to a fine powder and then thin films are grown on Silicon (Si) substrate by
thermal evaporation technique. The details of thermal evaporation technique are also
discussed in chapter 2. The powdered alloys are loaded in a crucible and evaporated
with resistive heating at >10° Torr. After deposition, these thin film samples are
annealed at a temperature of 400 °C for 1 hour at 5 x 10 Torr to release stress and to
achieve better adhesion of film with substrate. The thickness of the films is ~ 500 nm
measured using Fizeau fringes for all concentration of Sh. The various characterizations
for the Feo.01Ge1xShx (x = 0.01, 0.05 and 0.10) thin films are conducted at UGC DAE
CSR Indore, India.
3.1.3 Structural studies

Structural characterization of the Feo.o1Ge1xShx thin films is done using Grazing
Angle X-ray diffraction (GAXRD) by Bruker D8 advance X-ray diffractometer

technique with CuK., radiation (wavelength 1.54 A).
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Figure 3.1: XRD spectra of dilute Fe doped Ge;.xSbx thin films for x = 0.01 and 0.10

The X-rays are detected using a fast counting detector based on Silicon strip

technology (Bruker LynxEye detector). X-ray diffraction patterns of the as deposited
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Feo.01Ge1xShx (x = 0.01 and 0.10) thin films are shown in figure 3.1. In this diffraction
pattern the reflection at 20 =~ 51.3° is due to the (321) reflection of Silicon substrate
(ASTM-JCPDS card No0.72-1426), while two merged sharp diffraction peaks located at
20 ~ 38.2° is identified as reflections of Ge (101) (ASTM-JCPDS card No. 65-0334)
and FeGez (211) (ASTM-JCPDS card no. 89-1982) [12]. The other diffraction peaks at
20 = 44.3° are due to FeGe reflection (ASTM-JCPDS card No. 20-0516) [12]. There is
a slight shift in the position of the peaks and variation in the intensity showing the
dopants are going into the substitutional sites in parent element Ge.

Crystallite size is calculated by using Debye Scherrer Formula D = 0.89A/Bcos6, in
which D is crystallite size, A is wavelength of X-rays, 0 is Bragg angle and  is Full
width at half maxima (FWHM). The calculated crystallite size from observed highest
intense peak and minimum 26 value at 26 ~ 38.2° is found to be ~ 29 nm and 32 nm for
x =0.01 and 0.10 respectively.

3.1.4 Electrical studies

To measure the effect of temperature on the resistivity of film, the whole
resistivity set up unit is kept in a cryostat and the resistance is measured by Keithley 617
programmable electrometer connected to DC Power supply [20]. These electrical
resistance measurements are performed by the conventional Two-Probe method in the
temperature range 200-400 K for different Sb (x = 0.01, 0.05, 0.10) concentration.

The figure 3.2 shows a plot of resistivity as a function of temperature of
Feo.01Ge1-xShx films for the temperature range of 220- 400 K. This curve depicts that,
with the increase in temperature of the Feo.01Ge1-xSbx thin film resistivity decreases
which indicates the semiconducting nature of the thin films having a negative
temperature coefficient of resistance [21]. Figure 3.3 shows the Arrhenius curve,

plotted in between In p versus (10%T).
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Figure 3.2: Resistivity versus temperature spectra of Fep.01Ge1xSby thin films for x = 0.01, 0.05
and 0.10 respectively
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Figure 3.3: Log (Resistivity) vs (10°/T) spectra of Fep.01Ge1.xSbyx thin films for x = 0.01, 0.05 and

0.10 grown on Silicon substrate
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This curve shows that with the increase in Sb concentration, the electrical
resistivity increased for a particular temperature due to decrease in carrier concentration.
This change in electrical resistivity indicates that the doped atoms are contributing to
the carrier concentration and mobility.

These resistivity data have been used to obtain the activation energy using
Arrhenius equation i.e.

R(t) = Ro exp(Eo/KbT)

Where R(t) is resistivity at temperature T, Ea is the activation energy and Ko is

the Boltzmann constant. The variation of Activation Energy versus concentration of Sh

(x) for Feo.oaGe1-xShx thin film is plotted in figure 3.4.
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Figure 3.4: Activation energy vs Concentration of Sb (x) plot of Fep.01Ge1 xSbyx thin films

It is observed from figure 3.4 that activation energy linearly increases with the
increase in Sb concentration. This suggests that due to inclusion of Sb in the system the
width of energy band gap increases, which increases the resistivity and hence decreasing
the conductivity of Fe doped Gei-xSbx thin films. These results also support our

argument of contribution of charge carriers in the Ge matrix.
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In order to explain the low temperature transport mechanism in Fe doped Ge:-
xSbx thin films, variable range hopping model has been used. The variable range hopping
model is discussed with its detail in chapter 1. For this the plotted log of normalized
resistivity as a function of (1/T)** with Variable Range Hopping mechanism (VRH) as
suggested by Ambegokar et. al. [22] shown in figure 3.5. The VRH mechanism is

governed by
p(T) = po exp(To/T)4

where po and To denote material parameters, and To = [1.5 / Kea®N(E)], where N(E) is
the density of states at the Fermi level and a denotes the rate of fall-off of the envelops
of the electron wave function [23]. The plot for Inp versus (1/T)** is shown in figure

3.5.

12 5=0.10

x =0.05

In (p)

0.22I - I0.23I o IO.I24I - I0.25I o I0.26
(Temp.)'1l4, (K)-1I4

Figure 3.5: Temperature dependence of p(T) measured in Fep01Ge1xSby thin films, by the

relation based on the three dimensional Mott’s variable range hopping conduction (3D-VRH),
using equation p(T) = poexp(To/T)"*. The solid red lines are the linear fits of the data

The plotted curve in between Inp versus (1/T)Y linearly fitted (red lines are fitted curve

in figure 3.5) and compared with the p(T) = po exp(To/T)Y equation. From the slope of
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the curve, the value of To has been obtained for Fe doped Gei-xShx thin films. It is
observed that the value of To increases with increase in Sb concentration for x = 0.01, 0
05, 0.10 respectively. This suggests that the density of states at the Fermi level decreases
with increase in Sb concentration. The density of states also decreases with increase in
resistivity for the Fe doped Gei1-xShx system. The above results corroborate the hopping
of charge carriers between randomly distributed localized electronic states in the Fe

doped Ge1-xSbx thin films.

3.1.5 AFM studies

Root Mean Squared (rms) surface roughness and particle size are determined by
AFM from Digital Instruments (Nanoscope I11) with SisN4 tip under ambient conditions
in contact mode. The surface morphology is studied by AFM for the Fe doped Ge1-xShx
thin films. Figure 3.6 show 2-d images of Feo.01Ge1-xSbx thin film for x = 0.01, 0.05 and
0.10 respectively. From the AFM images it is observed that the average particle size for
Feo.01Sb1-xSex thin films increases from 35 to 60 nm when the Sb concentration increases

for x =0.01 to 0.10.

5.5nm
5.0 nm

x: 1.00 um
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side 3-D, for x =0.01, 0.05 and 0.10 respectively

The variation of particle size rms and roughness variation with their standard deviation

for different Sb concentration is shown in table 3.1.

Sample composition

Atomic Force Microscope

onest | P |
x=0.01 3514 1.7
x=0.05 45+4 37
x=0.10 60+4 5.6

Table 3.1: Surface structural parameters calculated from Atomic Force Microscopy for
different Sb concentration, x = 0.01, 0.05 and 0.10 respectively

From the table 3.1 it is seen that the surface smoothness with rms roughness measured
over 1x1um? is significantly high and it is in the range of 1.7 to 5.6 nm for different

concentration of Sh. It is to be noted that the average particle size determined using
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AFM is higher than the crystallite size determined using XRD. It suggests that the
particles observed in the AFM images are not single crystals but are made-up of few
crystallites. It can be seen from the AFM images that the density of the crystals is quite
high. Such particles are uniformly distributed over the thin film surface and seem to be
predominantly due to crystallites of Ge matrix.

3.1.6 Magnetic Force Microcopy studies

The MFM study is carried out to investigate the magnetic domain structure of
Feo.01Ge1xShx films. Figure 3.7 shows topography AFM images (left side) and
corresponding MFM images (right side) of thin films. The MFM images are taken
performed with atomic force microscope operating in tapping/lift mode, which
combines interaction and constant height mode in order to separate short range
topography and magnetic signals [24-25]. Because the Van der Waals forces only
become significant for tip-sample distances < 10 nm whereas magnetic measurements
can be alleviated by using enough lift heights > 17 nm.

To observe the effect of Sh concentration variations in magnetic interactions for
the Feo.01Ge1xShx thin films, MFM images are collected for various Sb concentrations
i. e, x = 0.01, 0.05 and 0.10 respectively. These AFM and MFM images differ in
contrast respectively, which appears to decorate the topology. Magnetic contrast is
visible in all the samples, consistent with uniform in-plane magnetization of the films.

However, the weak contrast in the MFM image indicates the absence of Fe or
Fe related magnetic compound or clusters with Ge and Sb magnetic clusters which

should give a clear contrast and strong magnetic response [26-27].
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Figure 3.7: Topography image (AFM image) left side and corresponding MFM image right
side with the same area of 1x1 mm? for Fep.01Ge1xSbx,x = 0.01, x = 0.05 and x = 0.10

respectively
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When we compare MFM images corresponding to different Sb concentrations
such difference is considerable. Such small difference in magnetic signal contrast
indicates the existence of magnetic interactions, but these signals are comparatively
quite weak. The average magnetic domain sizes are calculated using the MFM images.
The domain size increases from 43 to 68 nm with an increase in Sbh concentration for x

=0.01to 0.10 as shown in figure 3.8.
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Figure 3.8: Magnetic domain size vs with Sb concentration variation (x) of Feo.01Sbi-«Sex thin

films

There is a linear behavior of the magnetic domains with increase in concentration
of Sb (x). In the Feo.01Ge1-xSbx thin film system. Fe acts as an acceptor in Ge, while Sh
acts as a donor in Ge. With Sb addition, Sb brings charge carriers into the system, thus
compensating for the holes brought by Fe in Ge. The magnetic moment on Fe (d-state)
appears to be polarized due to sp-d exchange interaction through the itinerant carriers
introduced by Sb (sp state) doping in Ge matrix. The mechanism behind the magnetic
behavior for the Fe-Ge-Sb system seems to be same as the one observed by the

Somayajulu et. al. in the Feo.00sSb1-xSex bulk system [28].
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3.2 Effects of SHI beam on Feg01Ge14Sbythin films

3.2.1 Introduction

The defect plays a crucial role in stabilizing the ferromagnetic state in dilute
magnetic semiconductors [29-33]. Certain types of defects or disorder favor
ferromagnetism and others compete with this phenomenon. The Energetic ion beam
irradiation is an important tool for introducing defect states in solid materials. The Swift
Heavy lon (SHI) beam loses energy mainly through inelastic collisions with atomic
electrons. Along the trajectory, a trial of defects such as point defects, defect clusters,
structural phase transition etc., may be formed. The type of formation depends on the
type of ion and its energy as well as physical property of the materials. The radiation
damage is developed in the neighborhood of the path of the ion beam. These ions beam
modifies the material through electronic excitation followed by slowing down of swift
heavy ions in the material.

The irradiation using SHI is an important technique for controlled modifications
of structural, optical, surface and magnetic properties of the semiconductors [34-35].
There are several reports where the effects of ion beam irradiation on transition metal
doped different semiconductors as ZnO [36-40], TiO2 [41] and Ge [42-44] based
semiconductors are found. Look et. al. [36] and Hayes et. al. [37] reported the effects
of light and heavy ion irradiation in ZnO films. In the Germanium based
semiconductors, P. Marie et. al. [42-44] reported that the defects are created due to SHI
irradiation in n- type [42] and p type [43] Germanium. The ion beam irradiation induced
modification of different physical properties and the role of defects in the Germanium
based semiconductor is reported [42-44]. But No studies observed, which explains the
ion irradiation induced effects on Germanium based dilute magnetic semiconductor thin

films.
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Dilute magnetic semiconducting material offers the advantage of the spin degree
of freedom and compatibility with existing semiconductor technologies [45-47] which
is extremely important for spintronics, potential technological applications such as
tunable ferromagnetic devices using carrier-induced ferromagnetism [48-49] and high
efficient spin injectors into a Semiconductor [50]. In the group IV based semiconducting
materials [51-53] long range ferromagnetic ordering is observed at different
temperatures. In the one of earlier study by Narendra Patel et. al. [54] observed the
hyperfine magnetic interactions at RT in Fe doped Ge based bulk DMS system
containing V and VI group donor impurities.

These studies were the motivation to see the effect of these bulk alloys in the
form of thin films and also to investigate the effects of swift heavy ion irradiation on
the physical properties of dilute magnetic semiconducting thin films. An attempt has
been made to analyze the change in structural, electrical and surface properties of
Feo.01Ge1xShx (X = 0.01 and 0.10) alloy thin films due to irradiation with a fluence of

1x10% ions/cm? with O’* beam.

3.2.2 Experimental details

Firstly, the bulk alloys of Fe doped GeixShx system are prepared by melting
desired quantities of constitute elements having 99.99 % purity under argon atmosphere
in an arc furnace. The alloys are re-melted many times to ensure homogeneity. The
ingot of bulk alloys is grinded to fine powder and then the thin films are prepared on
Silicon substrate by thermal evaporation technique. The experimental details of thermal
evaporation technique and Argon arc furnace is discussed in chapter 2. The powdered
alloys are loaded in a crucible and evaporated with resistive heating at >107° Torr. After
deposition, the sample are annealed at the high temperature 600 °C for 1 hour to release

stress and to achieve better adhesion of film and substrate. The thickness of the films is
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~ 500 nm measured using fizaue fringes. The fizaue fringe method is discussed in
chapter 2.

These thin films are irradiated with 100 MeV O’ ions using a 15 UD Tandem
Accelerator, at Inter University Accelerator Centre (IUAC) New Delhi [55] (details of
palletron accelerator are discussed in chapter 1) with the fluence of 1x10? ions/cm?.
The ion beam is focused to a spot of 1 mm diameter and scanned over a 1.2x1.2 cm?,
The radiation beam is defocused to cover the whole sample. To observe the structural,
electrical and surface effects due to the Swift heavy ion irradiation on the Feo.01Ge1-xSbx
thin film, Grazing Angle X-ray diffraction (GAXRD), Two Probe Resistivity
measurements and Atomic Force Microscope (AFM) are performed respectively.
3.2.3 Structural studies

Structural characterization is done using the GAXRD technique with CuKj
radiation (wavelength 1.54 A). X-ray diffraction pattern of the as deposited and
irradiated with O*7 for Feo.01Ge1xShx (x = 0.01 and x = 0.10) thin films shown in figure
3.9(a) and 3.9(b) respectively. In the XRD pattern of as deposited film figure 3.9(a),

the reflections are due to Silicon substrate, FeGe2 and FeGe compound phases

1(a)

FeGe, (211
2 )Ge (101)

J FeGe g; (321)

Intensity (A.U.)

E: I I I
20 3|0 40 50 60 70
20 degree

Figure 3.9(a): X-ray diffraction pattern of as deposited Feo01Ge1xSbx thin film
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Figure 3.9(b): X-ray diffraction pattern of irradiated with O*” having 100 MeV energy
Feo.01Ge1-«Sby thin film

The XRD pattern of irradiated Feo.o1Ge1-xSbx film figure 3.9(b) reveals the reflection is
only due to Ge phase. The crystallite size for irradiated film is calculated using Debye
Scherrer formula, for the values of x = 0.01 and 0.10. Crystallite size for both the

concentrations of Sb is ~29 nm.

3.2.4 Electrical studies

Resistivity measurements are performed by the conventional Two-Probe
technique. Two probe method is discussed with details in chapter 2. Figure 3.10 shows
resistivity versus temperature plot for un-irradiated and irradiated thin films in the
temperature range of 270-350 K for x = 0.01 (left side) and x = 0.10 (right side) of Sb
concentration respectively. The resistivity of all the films decreases with increase in
temperature clearly indicating the semiconducting property of the materials [56]. It is
observed from figure 3.10 that resistivity lies in this range even after irradiation where
the electrical resistivity is ~ 15 Q-cm for x = 0.01. But in case of x = 0.10 after irradiation

resistivity increases dramatically.
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Figure 3.10: Temperature dependence Resistivity study of Fep01Ge1«Sby, un-irradiated and
irradiated with O”* ions, Energy 100 MeV, with fluence 1x10*? ions/cm? for left side x = 0.01

and right side x = 0.10 respectively

The increase in resistivity after irradiation seems to be due to compound phase
formation in Fe-Ge-Sb alloy like FeSbz, which is more likely as the concentration of Sb
is quite high. The exposure to irradiation for a long time appears to anneal the sample at
an extremely high temperature, which results in the formation of the compound phase,
thereby increase in the resistivity of the alloy film at x = 0.10. The formation of
compound phase decreases the charge carriers in the thin films resulting in a dramatic
increase in resistivity to ~115 Q-cm for a temperature of 275 K.

This resistivity data has been used to obtain the activation energy using
Arrhenius equation i.e.

R(t) = Ro exp(Eo/KoT)

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

the Boltzmann constant. The comparative results of Activation Energy before and after

irradiation for Feo.01Ge1xSbx, X = 0.01 and 0.10 is listed in table 3.2.
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It is observed from table 3.2 that after irradiation of Feo.01Ge1xShx thin films
with O*7 ions at 100 MeV energy with fluence of 1x10'2 ions per cm?, the activation

energy decreases for x = 0.01 and its increases for x = 0.10 respectively.

Sample Composition Activation Energy (meV)
Feo.01Ge1xShx Un-irradiated irradiated
x=0.01 225 207
x=0.10 362 408

Table 3.2: Resistivity measurement results of un-irradiated and irradiated O*”, 100 MeV,
1x10*2 jons/cm? thin films grown at Si substrate

3.2.5 AFM studies

The surface topographies of the un-irradiated and irradiated Feo.o1Ge1-xShx thin
films are analyzed by Atomic Force Microscopy. The working principle and details of
AFM is discussed in chapter 2. The AFM images of the un-irradiated and the irradiated
thin films for Feo01Ge1xSbx, x = 0.01 and x = 0.10 are shown in figure 3.11
respectively.

The reduction of surface roughness and increase in particle size are evident from
the surface topography. The average particle size for x = 0.01 is found to be ~ 40-43
nm for un-irradiated and ~52-57 nm for irradiated thin film and for x = 0.10, the average
particle size is found to be ~60-80 nm for un-irradiated and 90-100 nm for irradiated
thin films respectively. The measured root mean squared surface roughness for
Feo.01Geo.99Sho.o1 un-irradiated thin film is 1.72 nm and after irradiation it is found to be
0.31 nm over the 1x1 um? area and for Feo.01Geo.9Sho.10 for un-irradiated thin film
surface roughness is 5.58 nm and after irradiation it is found to be 4.64 nm over the 1x1
um? area respectively. The particle size and root mean squared surface roughness is

given in table 3.3.
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Figure 3.11: AFM topography images of Feo.01Ge1«Sbx thin films (a) un-irradiated and (b)
irradiated (0”*, 100 MeV with fluence 1x10% jons/cm?) for x = 0.01 & topography image (c)
and (d) shows the morphology image of un-irradiated and irradiated for x = 0.10 respectively

Sample Roughness (Over the 1x1 pm? Particle Size (hm)
Composition areas measured)
Feo.01Ge1-xShx unirradiated Irradiated unirradiated irradiated
x=0.01 1.72 0.31 40-43 52-57
x=0.10 5.58 4.64 60-80 90-100

Table 3.3: Surface morphological parameters of un-irradiated and irradiated thin films,
irradiated with O*” jons, energy 100 MeV, and fluence 1x10*? ions/cm?

From the surface morphology images, it is found to be that the particle size
determined using AFM are higher than the crystallite size which is determined using
XRD. This indicates that the particles observed in the AFM images are not single
crystals but are made-up of few crystallites. Surprisingly irradiation with high energy
beam instead of reducing the particle size increases the size. It could be due to annealing

process taking place by prolonged exposure of the sample to the beam.
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