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Abstract The effect of shift heavy ion irradiations on the
structural and optical properties of 6 % Sb-doped SnO,
thin films deposited on quartz substrate by electron beam
evaporation technique is presented. Two ion species Ni and
Au with energy 120 MeV and fluence of 1 x 10'? ion/cm?
were used. These films were characterized by X-ray
diffraction, atomic force microscope, UV-visible and
micro-Raman spectroscopy. From structural analysis, these
films exhibit tetragonal rutile structure and retain it even
after irradiation. The ion irradiations have shown
improvement in the structural properties, such as increase
in grain size and decrease in the lattice strain. Raman study
also indicates enhancement in quality of crystal structure
after irradiations. The grain growth after ion interaction is
also observed by atomic force microscope study. Further, a
variation in optical band gap and reduction in disorder is
observed after irradiation. Other parameters such as Urbach
tails energy and steepness parameter are obtained from
optical data. The overall observed physical properties show
a significant improvement after irradiation. A good corre-
spondence between structures with its various properties
can be seen.
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1 Introduction

Nanomaterials have attracted great interest of researchers
not only by their unique chemical and physical properties,
but also due to their potential application in many fields,
which has stimulated the search for new synthetic methods
for these materials. For last few decades, oxide-based
semiconductors are at center stage due to their unique
potential properties (such as optical, magnetic and electri-
cal), and among them, Tin dioxide is among the dominant
ones [1]. Bulk SnO, crystallizes in the tetragonal rutile type
structure (known in its mineral form as cassiterite), P42/
mnm space group with two Sn and four oxygen atoms per
unit cell. The lattice parameters are a = b = 0.4737 nm,
¢ = 0.3185 nm. SnO; is an important n-type wide-energy-
gap semiconductor (E, = 3.64 eV, 300 K) with high car-
rier concentration (6 X 10%° cm73) which shows its scope
for various potential applications such as in gas sensors [2],
transparent conducting electrodes [3], Li batteries [4] and
optoelectronic devices [5]. During the past decade, SnO,-
based nanostructures have been one of the most important
oxide nanostructures due to their properties and potential
applications [6, 7].

Sb-doped SnO, (antimony tin oxide = ATO) film is an
important transparent conducting material because of its
numerous applications such as in solar cells, liquid crystal
displays, low-emissivity architectural glass, photodetectors
and video touch screens [1-4]. ATO film can be fabricated
by various techniques including electron beam evaporation
[5], chemical vapor deposition [6], spray pyrolysis [7],
sputtering [8] or sol—gel [9]. Each of these methods has its
own advantages and disadvantages. Few above-mentioned
techniques required vacuum and few required solution
processing. The ultimate goal is to get best quality films for
need-based applications. Special treatments under
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controlled conditions are carried out to get these desired
properties, and list includes annealing in different back-
ground gases to ion beam irradiations [10].

Swift heavy ion (SHI) beam is a unique tool to modify
the properties of the materials and makes it attractive for
industrial applications. When SHI beam passes through a
material, energetic ions loose their energy mainly via two
mechanisms called electronic energy loss (Se) and nuclear
energy loss (Sn). These two mechanisms are independent
of each other. When the energy of SHI is transferred to the
nucleus of the target material via elastic collisions with the
atoms, the energy loss mechanism is called nuclear energy
loss, which is dominant in the lower energy region (1 keV/
amu) and when SHI beam makes inelastic collisions with
the electronic subsystem of the atom of the target material,
and then, energy is transferred to the lattice by electron—
phonon coupling which in turn modify the material, pro-
cess is called electronic energy loss. The electronic energy
loss is dominant in the case of high-energy region (1 MeV/
amu) [10, 11]. Mohanty et al. [12] studied the formation of
tin oxide nanocrystals in e-beam evaporated thin films on
different substrates induced by SHI irradiation. Gas sensing
properties of SHI irradiated sol—gel prepared tin oxide thin
films have been investigated by Rani et al. [13]. Deshpande
et al. [14] studied the effect of 100 MeV Au ions on tin
oxide films prepared by MSILAR technique. Effect of
120 MeV Au ions on various properties of tin oxide films
deposited on glass substrate was also studied [15]. Sharma
et al. [16] also studied the effect of 100 MeV Oxygen ions
on optical properties of SnO, thin films. However, the
systematic study of SHI irradiation-induced modifications
in Sb-doped SnO, thin films has not been carried out so far.
Therefore, it is interesting to irradiate and study the mod-
ifications induced in transparent and conducting properties
of Sb—SnO, thin films by SHI.

2 Experimental

Sb—SnO, films of 200 nm thickness were deposited by
electron beam evaporation system on fused quartz sub-
strates maintained at 300 °C. The Sb—SnO, powder pellet
with a composition of 6 wt% Sb,03 and 94 wt% SnO, was
used as the evaporation source material. The substrate-to-
target distance was 10 cm. Before starting the evaporation
processes, a steady-state chamber pressure of about 10™°
Torr was obtained. The deposition rate (0.3 nm/s) and the
film thickness were controlled and monitored during the
evaporation process by using a quartz crystal sensor.
The crystal structure of these films was characterized by
X-ray diffractometer (Philips X’pert) with Ni-filtered Cu
K,-radiation (A = 1.54056 ;\) in the diffraction angle (20)
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range 20-80° with a step size of 0.05 (20/s). Optical
absorbance spectra were obtained on an ultraviolet—visi-
ble-near infrared (UV-Vis—NIR) spectrophotometer (Var-
ian Cary 5000) in the wavelength range 200—800 nm. The
Raman analysis was made by micro-Raman (Renishaw,
UK) using Ar ion laser with 532 nm wavelength. The
surface morphology was observed with the help of atomic
force microscope (AFM) (Veeco, USA) in tapping mode.
All structural and optical measurements of these samples
were carried out at ambient temperature (300 K).

The irradiation experiment of these films was carried out
by using 15UD Pelletron tandem accelerator at Inter
University Accelerator Center (IUAC), New Delhi, India.
During irradiation, the beam current was kept around one
particle nanoampere (pnA). Ion beam was focused to a spot
of around 1 mm diameter and then scanned over 1 cm?
area using magnetic scanner. The present high energy was
chosen to have the range of the ions few microns (more
than thickness of film), so that no ions are implanted in the
film.

The following ion beams were applied for modification:

e 120 MeV Ni fluence 1 x 10" ions cm ™2
120 MeV Au fluence 1 x 10' ions cm™2

The various ion irradiation parameters were determined
by using SRIM code (version 2006) [17] and are presented
in Table 1. The S. and S, represent the electronic and
nuclear stopping powers, respectively, and R, is the pro-
jected range of the ions.

3 Results and discussion
3.1 Structural analysis

Figure 1 shows the XRD pattern of unirradiated and irra-
diated Sb—-SnO, thin films. The XRD data of Sb-SnO,
films revealed peaks at 30.48°, 37.95° and 62.38° corre-
sponding to the (110), (200) and (310) planes, respectively.
All the prominent peaks in the pattern correspond to the
tetragonal (rutile) structure of SnO, and are indexed on the
JCPDS file no. 031116. It is also noticed that after Sb
doping in SnO, matrix, no impurities were detected in the
product. It means that the SnO, structures were pure
tetragonal rutile structure. However, with radiation, an
increase in intensity of the peaks was observed. The
observed sharp peak can be related to increase in particle
size.

The lattice parameters a and ¢ (by analyzing XRD data)
of pristine and irradiated films have been calculated by
using the following relation and are given in Table 2.

1/d* = (h* +K*)/a* + I*/ (1)
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Table 1 Various SRIM parameters for these irradiated films

Ton Electronic energy Nuclear energy Range
loss (Se) eV/A loss (Sn) eV/A (pum)
Au 1527.7133 28.492 15.02
Ni 847.231 1.4976 20.35
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Fig. 1 XRD pattern of Pristine, Ni and Au ion irradiated films. Inset
shows variation in (200) peak

where d is lattice spacing and %, k and / are Miller indices.
The d values has been estimated from (110) peak for dif-
ferent ion irradiations of Sb—SnQO, films. Here it should be
note that the lattice parameters (a and c) calculated from
the XRD patterns for the SnO,:Sb films given in Table 2
are larger than those of the JCPDS of pure SnO, powder.
Since Sn*" and Sb>' have different covalent and ionic
radii [Sn** (0.72 A) and Sb>" (0.62 A)], and assuming that
Sn substitution by Sb would generate oxygen vacancies to
keep charge neutrality, a well-noticed lattice distortion
would be expected if solid solution between the composi-
tions was formed [18]. [This increase in lattice parameters
may also be related to oxygen deficiency and strain effects
due to the thermal effect expansion coefficient mismatch

between the film (7.2 x 107% °C) and glass substrate
(4.6 x 107% °Q)].

It has been observed that the d(110) value shows some
variations with different ion beam (Table 2). The variations
observed in lattice parameters are considerably small.
However, dealing with films, these variations can be con-
sidered due to micro-strains-inducing lattice compression
due to lattice mismatch and by energetic ion irradiations
[19-21].

Using the diffraction lines of the (110) plane, the crys-
tallite or particle size is estimated by Scherer equation [22]:

D =0.944/f cos 0 (2)

where A is the X-ray wavelength (1.543 A for Cu K,), p
(full width at half maximum) = (f3—f7)""%. pu and f; are
the measured and instrumental broadening in radians,
respectively, and 0 is the Bragg’s angle in degrees. The
calculated average grain size for Sb—SnO, film is about
~11.76 nm. As mentioned above, the basic rutile phase
remains practically same after irradiation, but the average
particle size increases with irradiations.

Narrowing of peaks also reflects the decrease in the
concentration of lattice imperfection due to the increase in
the internal micro-strain within the matrix [23]. Similar
results were also reported by other workers [24]. Basically
the grain size maximizes the imperfect regions of the
matrix and is further supported by the smaller strain and
dislocation densities.

Further the strain (¢) was calculated by using the fol-
lowing formula [22]:

& = [(4/D cos 0)—p]/tan0 (3)

The dislocation density () which represents the amount
of defects in the films is calculated using the formula [22]:

0=15¢/aD (4)

As observed here, the calculated strain slightly decrea-
ses after irradiations (see Table 2). Further, there is
decrease in dislocation density after irradiations. The
decrease in dislocation density might be due to decrease in
the number of grain boundaries resulting from the increase
in grain size. Table 2 shows that ion irradiations have
decreased the lattice strain, which shows that crystalline
lattice of Sb—SnO, thin films has been relaxed. However,

Table 2 Various structural parameters of the Pristine, Ni and Au ion irradiated films

Sample Grain Strain (g) Dislocation density Orientation Lattice parameter Lattice parameter
size (nm) (line2 m™%) & x 10" (line/m?) index (¢) (A) a A) ¢

Virgin 20.36 0.09637 2.412 2.28 4.750 3.193

Au ion irradiated 21.48 0.09137 2.167 227 4.751 3.195

Ni ion irradiated 21.54 0.09112 2.155 2.53 4.753 3.197
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strain reduced after irradiations are confirming the
enhancement in crystallinity and reduction in disorder in
the system (evident from increase in peak intensity). It
seems that the release of observed strain by SHI irradiation
leads to the growth of g-axis-oriented rutile SnO,
crystallites.

The stress (o) developed was calculated by the relation
given below:

o=¢E (5)

where E is the Young’s modulus, for SnO, and its value is
295.8 GPa [25].

The intensity peak of (110) plane reflection increases
with increase irradiating ion mass (Fig. 1). Increase in peak
intensity could be due to the mass diffusion across the grain
boundaries and crystal growth [18]. An increase in grains
into larger ones (grain size incraese) after irradiation can
also cause increase in peak intensity (Fig. 1) [23]. Since
interstitial diffusion of oxygen atoms/ions induces micro-
strain defects, these induced defects cause reduction in the
crystallite size [23, 24]. However, in our case, a reduction
in strain is seen after irradiation. This can be due to the
annealing effect after irradiations (since irradiation can
generate tremendous heat and pressure within the track or
zone of ion as is discussed in the below paragraph). In
present films, the defects and stresses are produced due to
present growth conditions and are subsequently annealed
and relaxed after ion beam irradiation. These results are
well in agreement with change in the surface morphology.

As already described above, with the ion fluence, the
grain size and intensity of diffraction peak increase. The
SHI irradiations can drastically alter material characteris-
tics in a narrow cylindrical region around its path. The SHI
losses significant part of energy in interaction with atoms
through electron—ion interaction [17]. This causes a
tremendous heating in localized part of material by a
phenomenon known as thermal spike, due to energy and
momentum transfer from the excited electrons to the lattice
in the cylindrical region [17]. Depending upon the energy
and type of ion, two main processes can take place. One is
sputtering of material or atoms if energy is low and another
is diffusion within the system. More generally, it can be
interpreted that as the fluence (number of ions/cmz)
enhances, they will be attached to the surface in the sur-
rounding of each other. As a result, the generated melted
region may approach with each other forming larger grains
and hence increasing the grain size. The ion-induced grain
growth is observed in various oxide-based materials [23,
24].

To quantitatively investigate the degree of preferred
orientation, the texture coefficient Tc(hkl) was calculated
using the following Eq. [22];

@ Springer

1(hik) /To(hki)
/N[>y I(hik) /To(hkl)]

where Tc(hkl) is the texture coefficient of the hkl plane,
I(hkl) is the measured intensity, Iy(hkl) is the relative
intensity of the corresponding plane given in PDF-2 data
(the JCPS standard intensity) and N is the number of
reflections. Sample with a randomly oriented crystallite
presents Tc(hkl) = 1, and if Tc(hkl) > 1, then there is larger
the abundance of crystallites orientation. The texture
coefficient was calculated for the reflection plan (002). It
was observed here that the orientation along (110) plane
increases with radiation (see Table 2), and therefore,
indicates the increase in crystallinity after irradiation.

Ty = (6)

3.2 AFM study

Surface topology of the pristine and irradiated films has
been analyzed by AFM measurements. Figure 2 shows the
AFM images of the studied thin films. The AFM studies
reveal the surface of minimum roughness composed of
triangular- or pyramidal-shaped grains. These triangular or
pyramidal grains are uniformly distributed over the entire
surface. The root mean square (RMS) and average rough-
ness of the present thin films are 35 nm (for pristine),
29 nm (for Ni ion irradiated) and 25 nm (for Au ion irra-
diated), respectively. As the mass of irradiating ion
increases, the roughness of the films decreases, in which
reduction in size and number density of cracks is observed
after ion irradiation [23, 24]. When the depositing energy
increases, the atomic diffusion at material surfaces varies.
Also the thermally induced shocks decrease the tensile
stress in these films. Additionally, the enhanced thermal
shock and stress cause reduced thermal stress cracking
(Fig. 2) [19-21].

3.3 Micro-Raman study

As already discussed, SnO, has a tetragonal rutile crys-
talline structure with point group D4} and space group P4,/
mnm. Therefore, the normal modes of vibrations at the
Brillouin zone (BZ) of SnO, are represented by following
irreducible representation [25, 27, 28]:

TI'Raman = 1A1g + 1A, + 1A2, + 1B + 1By, + 2By,
+ 1E, + 3E,

Of these modes, two are IR active (the single A,, and
the triply degenerated E, mode), four modes are Raman
active (three non-degenerate modes, A,,, B, B2, and the
doubly degenerate E,) and two are silent (A, and By,).
One A,, and two E, modes are acoustic and have trans-
verse (TO) and longitudinal optical (LO) vibrations [27].
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Fig. 2 AFM images of
a Pristine and b Au ion
irradiated films
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Fig. 3 Micro-Raman spectra of Pristine, Ni and Au ion irradiated
films

Figure 3 shows the micro-Raman spectra of pure and
irradiated Sb—SnO, samples. The micro-Raman spectrum
of pure Sb-SnO, exhibits peaks and tentatively corre-
sponding to the first group located at about 613, 450, and
749 cm™'. These peaks are due to the Aj,, E, and By,
vibrational modes, which are in close agreement with those
reported for a rutile SnO, single crystal [28]. We also
observed other peaks located at 684, 478, 354, 242 and
292 cm™!, and are tentatively related to A, (vio), Az.(-
vro), E.(Va10), E.(vro) and E,(vio) vibrational modes,
respectively, corresponding to second group [26-29]. In
addition, we did not observe any extra peak corresponding
to any impurity or secondary phases. However, a slight
variation in peak position is seen in comparison with single
crystal rutile SnO,. This observed variation is due to
doping and also may be due to substrate effect (as already

discussed in the XRD section of this article) [18]. There-
fore, in current study, we restricted our study to higher
vibrational modes only (lower part of spectrum not shown
here). Therefore, more precisely, the IR bands of SnO, are
due to (A, TO, Sn(or Sb)-O stretching), (E, TO, Sn(or
Sb)-0 stretching), (A, LO, Sn—O stretching) and (E, LO,
Sn(or Sb)-O stretching) [25-30]. Also, the main charac-
teristic Raman bands of SnO, are due to (B/,, vibrational),
(E,, translational), (A,,, symmetric Sn(or Sb)-O stretching)
and (B, asymmetric Sn(or Sb)-O stretching) [25-30].
Further, it was noted that after doping or irradiations, the
peak broadening and intensity variation are observed,
indicating that microstructural transformations occurred.
However, as in the case of XRD measurements, no addi-
tional peaks typical of the incorporation of Sb in the SnO,
matrix or after ion irradiations were observed. This varia-
tion in the intensity of the Raman peaks could be related to
the changes in the grain size of the irradiated samples with
respect to the unirradiated ones, as the lattice parameters
showed only small variations with the Sb concentrations
and as well as ion irradiations [23]. All these vibrational
modes become quite visible in irradiated films giving us
clear indication of impact of pressure generated due to the
ion irradiation and its influence on Sn(or Sb)-O bond. It is
well known that in an infinite perfect crystal only the
phonons near the center of the BZ (qp =~ 0) contribute to
the scattering of incident radiation due to the momentum
conservation rule between phonons and incident light. Due
to size effect (nano formation due to doping and irradia-
tions), which gives rise to breakdown of the phonon
momentum selection rule qy =~ 0, allowing phonons with
q # 0 to contribute to the Raman spectrum [23]. This
could also lead to the alterations (or shifting) of observed
Raman peaks. This phonon momentum selection rule can
also give rise to evolution of some silent IR modes (as
512 cm ™! observed in our Ni ion irradiated films).

@ Springer



418 Page 6 of 7

F. A. Mir, K. M. Batoo

From Raman spectra of these samples, it is observed that
after irradiation few peaks become sharp. These bands
correspond to Sn—O bond length and may be altered by
SHI. Also, the atomic spacing distribution may be changed
by ion irradiation in Sb—SnO, thin films. In addition, some
other dominant peaks related to the given structure become
visible (due to breakdown of the phonon momentum
selection rule). This sharpness of peaks is an indication of
increase in grain size or less disorder after irradiation. It is
believed that SHI irradiations can generate or anneal out
defects or disorder the system [17]. However, this modi-
fication of system mostly depends on the nature and
energies of irradiating ion. In the present case, a modifi-
cation in crystal structure after irradiation can be seen.
Therefore, it can be concluded that present irradiating ion
species can work as an effective tool to modify the given
structure.

3.4 UV-Vis study

Figure 4 shows the UV-Vis spectra of pristine and irradi-
ated Sb-SnO, films. The fundamental absorption, which
corresponds to electron excitation from the valence band to
the conduction band, can be used to determine the nature
and value of the optical band gap. In the region of the
fundamental absorption, the absorption coefficient (o) is
given by the formula [30]:

(ahv) = A(hv — E,) (7)
where A is a constant, E, is the energy gap and { = 2 for

direct allowed transitions. Inset of Fig. 4 shows (ahv)?
versus hv (or Tauc plots) plots in the region of the
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Fig. 4 UV-Visible spectra of Pristine, Ni and Au ion irradiated films.

Inset shows their respective Tauc plots for optical band gap
determination
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fundamental absorption for all the studied samples. A lin-
ear relationship is obtained and hence predicting a direct
energy band gap for the present films. The values of E,
determined from the intersection of the straight line with
the hv axis for all studied samples are listed in Table 2.
They fall in the range 2.81-3.99 eV. The literature value of
E, shows wide dispersion between different investigators
[31-35]. This observed dispersion can be due to two
opposing factors: (a) the Moss—Burstein shift (band filling)
causes a UV shift of the optical band gap and (b) the many
body interaction leads to reduction in gap due to the
appearance of band tails (Urbach tail). The high-energy
irradiation-induced lattice damage creates defect energy
states below conduction band and hence affects the band
gap. The high-energy irradiation induces band-tailing
effects, which seriously affect the properties of most of the
semiconductor [33, 34].

The Urbach band tail (also called defect tail) was also
observed in the present case. It should be noted that the
various factors such as the carrier phonon interaction,
carrier—impurity interaction and structure disorder are chief
contributors for the Urbach band tail in semiconductors
[30]. The Urbach energy (E,) (the energy associated with
this defect tail is called as Urbach energy) for the present
films was determined using Urbach rule [30]:

o = apexp(hw)/E, (8)

where o is the pre-exponential absorption coefficient
factor. The values of the E,, give the more details about the
optical behavior of the system. Here, we have evaluated the
Urbach band tails by fitting the absorption coefficient (x) as
a function of photon energy (hv) in the near of the fun-
damental absorption edge (plot not shown here). The val-
ues of E, were determined from the inverse slope of the
straight line, representing In(o) versus photon energy (hv).
The values of this activation energy are given in Table 3. A
variation in E,, is seen with ion species (see Table 3). With
irradiation, a decrease in E, is seen (see Table 3). There-
fore, as the E, changes, so the magnitude of defect energy
(E,) also changes. This supports our argument that sub-
band states formed in between the valence and conduction
bands leading in the alteration of the E,. In the present
system, the number of defect levels below the conduction
band increases (due to the mass and hence momentum or
energy of ion) to such an extent that the band edge is
shifted deep into the forbidden gap, thereby leading to
variation in E,. Hence, it clearly demonstrated that the
enhancement or reduction in existing defects or disorder
after irradiation may be the prime reason for the current
observed phenomenon.

The width of the edge E, can also be related to another
parameter called steeper constant at RT by following
equation [36]:
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Table 3 Various optical parameters of the Pristine, Ni and Au ion
irradiated films

Sample Optical band  Urbac Steeper
gap E, (eV) energy E, (V)  constant (f5)
Virgin 3.67 0.221 0.1176
Au ion irradiated  2.81 0.057 0.4561
Ni ion irradiated ~ 3.99 0.044 0.5811
f =ksgT/E, 9)

An increase in f is seen with irradiation (see Table 3).
Here, we should mention that the characterizing broaden-
ing of the optical absorption edge (Urbach edge) is due to
electron phonon or exciton—phonon interactions existing in
the material. Therefore, we can conclude that the SHI
irradiation can be used to tune the optical band gap of the
oxide materials.

3.5 Conclusion

Sb-doped SnO, thin films on quartz substrate were pre-
pared by electron beam evaporation technique. These thin
films were irradiated with 120 MeV Ni and Au ions at
1 x 10" ions/cm®. Oxide phase formation was confirmed
by XRD and Raman studies. The XRD pattern reveals that
pristine and irradiated films belong to tetragonal structure.
This crystal structure is retained even after irradiations.
The Raman data also support the projected symmetry. The
particle size and stress increase with irradiation. The
improvement in structure is also supported by both above-
mentioned techniques. From optical data, these films shows
indirect allowed transitions and a significant variation in
optical band gap is observed after irradiations. From the
present observations, it is concluded that a particular ion
can be used as an effective tool to tune the various physical
properties of some specific materials.
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