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a b s t r a c t 

Highly conducting SnO 2 thin films were prepared by chemical spray pyrolysis technique. One set of as-deposited 
films were annealed in air for 2 h at 850 °C. These as-deposited and annealed SnO 2 thin films were irradiated us- 
ing gold ions with energy of 120 MeV at different fluences ranging from 1 × 10 11 to 3 × 10 13 ions/cm 

2 . Electrical 
measurement shows that as-deposited SnO 2 films are in conducting state with n = 3 . 164 × 10 20 cm 

−3 and annealed 
SnO 2 films are in insulating state. The amorphized latent tracks are created only above a certain threshold value 
of S e , which directly depends on the free electron concentration (n). The electronic energy loss ( S e ) of 120 MeV 

𝐴𝑢 9+ ions in SnO 2 is greater than the threshold energy loss ( S eth ) required for the latent track/molten zone for- 
mation in annealed SnO 2 thin film, but is less than S eth required for as-deposited SnO 2 film. Therefore, the latent 
tracks/molten zones are formed in the annealed SnO 2 film and not in the as-deposited SnO 2 film. Thermal spike 
model is used for the calculation of threshold energy loss and radius of melted zone. The possible mechanism 

of the structural changes and surface microstructure evolutions is briefly discussed in the light of ion ’s energy 
relaxation processes and target ’s conductivity. The atomic force microscopy (AFM) study of films shows that the 
morphologies of irradiated films are linked with carrier concentration of target materials. 

© 2017 Elsevier B.V. All rights reserved. 
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. Introduction 

Ion beams can be used in a variety of different ways to synthesize and
odify materials on the nanometer scale. By adjusting ion species, ion

nergy, ion fluence and irradiation geometry it is possible to tailor the
on irradiation conditions for specific needs. In ion beam irradiation pro-
ess, the kinetic energy of incident ions is transferred to atomic/lattice
nd electronic systems of solids through elastic collision and electronic
xcitation/ionization, respectively. The transferred energy to the lattice
ystem induces atomic displacements directly. In the electronic excita-
ion/ionization process, on the other hand, atomic displacements can be
aused as a result of indirect energy transfer from irradiating ions [1] .
or ions at a higher energy ( ∼ 100 keV/amu), the energy (a few keV/Å)
s mainly deposited via electronic excitation and ionization processes
2,3] . In most insulators, when the highly localized energy deposited
n target electrons is transferred from the electrons to the target lattice,
n extended damage is induced along the ion path: the so-called la-
ent track [3,4] . In metals, however, atomic displacements through the
lectronic excitation/ionization had been considered to hardly occur be-
ause of rapid energy dissipation by a large number of free electrons [4] .
∗ Corresponding author. 
E-mail address: bdas226010@gmail.com (B. Das). 

t

ttp://dx.doi.org/10.1016/j.susc.2017.06.006 
eceived 30 January 2017; Received in revised form 31 May 2017; Accepted 9 June 2017 
vailable online 10 June 2017 
039-6028/© 2017 Elsevier B.V. All rights reserved. 
n the last two decades, nevertheless, atomic displacements induced by
igh-density electronic excitation have been found even in pure metallic
argets [5,6] . The question of the transformation of the energy deposited
y the incident ion during the slowing-down process into energy stored
n the target as lattice defects is still to be answered. Two mechanisms
ave been proposed: (i) The thermal spike (TS) model in which the ki-
etic energy of target electrons excited by incident ions is transferred to
he lattice system through electron-lattice interaction after rapid energy
iffusion in the electronic system [7–28] . (ii) The Coulomb explosion
CE) model in which the electrostatic energy of the space charge created
ust after the ion passage is converted into coherent radial atomic move-
ents leading to a cylindrical shock wave [29] . Both mechanisms are

ensitive to the deposited energy density as well as to the rate of energy
oss (dE/dx). The TS model of latent track formation is a well established
pproach that has been successfully applied to insulators, semiconduc-
ors, metals, intermetallic compounds and polymers [7–28] . Because of
he complexity of all energy relaxation processes involved, this model is
lso subjected to criticism. However, the TS model seems to be the most
laborated one; furthermore, to our knowledge, currently it is the only
odel being able to provide at least approximate predictions on latent

rack formation in numerous conducting and non-conducting targets. 

http://dx.doi.org/10.1016/j.susc.2017.06.006
http://www.ScienceDirect.com
http://www.elsevier.com/locate/susc
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Fig. 1. Variation of nuclear energy loss S n and electronic energy loss S e with depth for 
120 MeV 𝐴𝑢 9+ ions in SnO 2 matrix as determined by SRIM. Ratio of S e / S n is 60. The inset 
shows the almost constant value of S e for even 600 nm depth from the surface of the SnO 2 
film. 
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For swift heavy ions (SHI), i.e., ions having velocity comparable to
r larger than the orbital electron velocity of the lattice atoms, the en-
rgy dissipation in the lattice takes place mainly through ionization
nd electronic excitation [30–33] . The rapid energy transfer during the
lectronic excitation can result in a variety of effects in materials in-
luding amorphization, defect creation, defect annealing, crystalliza-
ion, etc. There have been numerous studies on the effects of SHI ir-
adiation in different varieties of targets including insulators, semicon-
uctors and metals, where electronic energy loss ([ dE / dx ] e ) is projected
s the major parameter that determines the energy relaxation processes
nd the resultant effects in materials [30–33] . But if a systematic anal-
sis is done on the effects of SHI irradiation in semiconductors, it can
e observed that the effects produced are determined not only by the
lectronic energy loss ([ dE / dx ] e ) but also by the physical properties of
he target materials [34,35] . Several material properties (such as car-
ier concentration in the present study) that are also influenced by the
ynthesis conditions seem to decide the ion beam induced effects and
re of extreme importance in determining the response of a material
o the SHI beam [34] . In this paper we report our studies on the ef-
ect of SHI irradiation in SnO 2 polycrystalline thin films differing in
heir conductivity. There exist few reports in the literature discussing
he effect of SHI irradiation on the structural, optical, electrical and
ensing properties of SnO 2 thin films grown using different deposition
echniques [36–50] . However, no systematic studies have been carried
ut to verify the role of material properties such as carrier concentration
n) in determining the energy relaxation processes of SHI in SnO 2 thin
lms. 

. Experimental details 

Highly conducting SnO 2 thin films were prepared using chemical
pray pyrolysis technique. Dehydrate stannous chloride SnCl 2 . 2 H 2 O

Sigma Aldrich purity > 99.99%) was used for making the spray solu-
ion for SnO 2 thin films. An amount of 11.281 g of SnCl 2 .2 H 2 O (Sigma
ldrich purity > 99.99%) was dissolved in 5 ml of concentrated hy-
rochloric acid by heating at 90 °C for 15 min. The addition of HCl
endered the solution transparent, mostly, due to the breakdown of the
ntermediate polymer molecules. The transparent solution thus obtained
nd subsequently diluted by methyl alcohol, served as the precursor. The
mount of spray solution was made together 50 ml. The spray solution
as magnetically stirred for 1 h and finally was filtered by a syringe
lter having 0.2 𝜇m pore size before spraying on the substrate. Fused
uartz slides (10 mm × 10 mm × 1.1 mm), cleaned with organic sol-
ents, were used as substrates. During deposition, the substrate temper-
ture was maintained at 425 °C. The solution flow rate was maintained
t 0.2 ml/min by the nebulizer (droplet size 0.5–10 𝜇m ). One set of
s-deposited films were annealed in air for 2 h at 850 °C. 

To observe the effect of SHI irradiation, these as-deposited and an-
ealed SnO 2 thin films were irradiated with 120 MeV Au ions using
 15 MV pelletron accelerator at Inter University Accelerator Centre
IUAC), New Delhi. Irradiation was done at six different fluences: 1 ×
0 11 , 3 × 10 11 , 1 × 10 12 , 3 × 10 12 , 1 × 10 13 and 3 × 10 13 ions/cm 

2 .
he fluence values were estimated by integrating the charges of ions
alling on the samples kept inside a cylindrical electron suppressor. The
ons were incident perpendicular to the surface of the samples. A high
acuum of 10 −6 Torr was maintained in the target chamber during the
ombardment. Ion beam was raster scanned on the film surface by a
agnetic scanner for maintaining a uniform ion flux throughout the
lm. Beam current was kept constant during experiments and it was
round 0.5 particle nanoampere. One sample of each group was left
nirradiated in the chamber and was used as the reference sample.
e divided our samples into two groups, viz. group A and group B.
roup A consists of films which are as-deposited and irradiated (with-
ut any post deposition annealing). On the other hand, group B consists
f films which underwent post deposition annealing and were further
rradiated. 
138 
The gross structure and phase purity of all films were examined by
-ray diffraction (XRD) technique using a Bruker AXS, Germany X-ray
iffractometer (Model D8 Advanced) operated at 40 kV and 60 mA.
n the present study, XRD data of group A and group B thin films were
ollected in the scanning angle (2 𝜃) range 20 ◦ − 60 ◦ using 𝐶𝑢 − 𝐾 𝛼 ra-
iations ( 𝜆 = 1.5405 Å). The experimental peak positions were com-
ared with the data from the database Joint Committee on Powder
iffraction Standards (JCPDS) and Miller indices were assigned to these
eaks. Atomic force microscopy (AFM) was performed with Multi Mode
PM (Digital Instrument Nanoscope IIIa) in AFM mode to examine the
icrostructural evolution and root mean square surface roughness of

he sample before and after irradiation. Hall measurements were con-
ucted at room temperature to estimate the film resistivity ( 𝜌), donor
oncentration (n) and carrier mobility ( 𝜇) by using the four-point van
er Pauw geometry employing Keithley ’s Hall effect card and switching
he main frame system. A specially designed Hall probe on a printed
ircuit board (PCB) was used to fix the sample of the size 10 mm
10 mm. Silver paste was employed at the four contacts. The elec-

rical resistivity and the sheet resistance of the films were also deter-
ined using the four probe method with spring-loaded and equally

paced pins. The probe was connected to a Keithley voltmeter constant-
urrent source system and direct current and voltage were measured by
lightly touching the tips of the probe on the surface of the films. Mul-
iple reading of current and the corresponding voltage were recorded
n order to get average values. Thickness of the deposited films was
stimated by an Ambios surface profilometer and was approximately
00 nm. 

. Results and discussion 

The electronic energy loss ( S e ), nuclear energy loss ( S n ) and max-
mum penetrable range ( R p ) of the 120 MeV Au ions in SnO 2 are
7.19 keV nm 

−1 , 0.479 keV nm 

−1 and 8490 nm, respectively [51,52] .
he variation of S e and S n with depth in SnO 2 matrix for 120 MeV Au

ons is shown in Fig. 1 . Near the surface of the film, S e exceeds S n by two
rders of magnitude and is almost constant throughout the film thick-
ess, as shown in the inset of Fig. 1 . This reveals that the morphological
nd structural changes in SnO 2 thin film on irradiation by 120 MeV 𝐴𝑢 9+ 

ons are almost exclusively due to electronic energy losses. 
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Table 1 

The values of nuclear energy loss ( S n ), electronic energy loss ( S e ), and 
range ( R p ) for 120 MeV 𝐴𝑢 9+ ions in a SnO 2 thin film estimated by 
SRIM [51,52] . The threshold value of electronic energy loss ( S eth ) and 
possibility of latent track formation are also mentioned. 

Parameters SnO 2 (as-deposited) SnO 2 (annealed) 

Nuclear energy loss 0.479 keV nm 

−1 0.479 keV nm 

−1 

Electronic energy loss 27.19 keV nm 

−1 27.19 keV nm 

−1 

Threshold energy loss 31.92 keV nm 

−1 3.868 keV nm 

−1 

Range 8.49 𝜇m 8.49 𝜇m 

Track formation Not possible Possible 
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The formation of tracks in materials irradiated in the electronic en-
rgy loss regime is the result of complex processes of energy deposition
n the electrons, involving several steps: (i) initial energy deposition in
he electrons, (ii) energy dissipation among the electrons, leading to a
adial expansion of the energy in a cylinder radius between 1 and 10 nm,
nd (iii) energy transfer to the atoms via the electron-phonon coupling
eading to atomic motion and finally to the creation of a cylindrical
amage along the ion path. 

In the thermal spike (TS) model, the energy deposited in the electrons
y the slowing down of the incident ions diffuses within the electron
ubsystem by electron-electron interactions before being transferred and
nally localized in the lattice system via the electron-phonon coupling.
he heat diffusion in the electron and in the lattice subsystems versus
ime t and space r (in cylindrical geometry) is described by the following
wo coupled nonlinear differential equations [7,8] : 

 𝑒 ( 𝑇 𝑒 ) 
𝜕𝑇 𝑒 

𝜕𝑡 
= 

1 
𝑟 

𝜕 

𝜕𝑟 

[ 
𝑟𝐾 𝑒 ( 𝑇 𝑒 ) 

𝜕𝑇 𝑒 

𝜕𝑟 

] 
− 𝑔( 𝑇 𝑒 − 𝑇 𝑎 ) + 𝐴 ( 𝑟, 𝑡 ) (1)

 𝑎 ( 𝑇 𝑎 ) 
𝜕𝑇 𝑎 

𝜕𝑡 
= 

1 
𝑟 

𝜕 

𝜕𝑟 

[ 
𝑟𝐾 𝑎 ( 𝑇 𝑎 ) 

𝜕𝑇 𝑎 

𝜕𝑟 

] 
+ 𝑔( 𝑇 𝑒 − 𝑇 𝑎 ) (2)

here T, C, and K are the temperatures, the specific heat coefficients,
nd the thermal conductivities of the electronic (index e) and lattice
ubsystem (index a), respectively; g is an electron-phonon coupling con-
tant and A(r, t) is the energy density supplied by the incident ion to the
lectronic system. 

At present different ways exist to explore the heat diffusion equations
or describing the occurring physical processes and calculating experi-
entally accessible quantities: 

1. The so-called analytical thermal spike (a-TS) model proposed by
Szenes [9–15] provides an analytical solution of the differential
equation for the atomic system (equation-2) ignoring the way the
energy is transferred to the atoms. 

2. The ionization diffusion-explosion-amorphization (IDEA) model by
Canut and Ramos [16] takes into account the energy diffusion to the
electrons prior to its transfer to the atoms by providing an analytical
solution of the differential equation for the electronic system ( Eq.
(1)) . 

3. In the inelastic thermal spike (i-TS) model [17–27] a complete nu-
merical solution of the system of differential equations [ Eqs. (1) and
(2) ] is given taking into account the coupling between the electronic
and atomic subsystems. 

In this paper, we have used Szenes ’ analytical thermal spike model
9–15] to predict the threshold energy loss and radius of melted zone. 

To induce melting of the material or to create columnar defects in
aterial a certain threshold value of S e is required and according to

zenes ’ [9] “thermal spike model ” the value of S eth depends on the mate-
ial parameters such as density 𝜌, average specific heat C, melting tem-
erature T m 

, irradiation temperature T irr , initial width of the thermal
pike a(0), and electron-phonon coupling efficiency g, and can be deter-
ined from the following equation: 

 𝑒𝑡ℎ = 

𝜋𝜌𝐶𝑎 2 (0)( 𝑇 𝑚 − 𝑇 𝑖𝑟𝑟 ) 
𝑔 

(3)

he value of a(0), for semiconductors, depends on their energy band
ap E g , while for insulators it is almost constant. This ion induced ther-
al spike width a(0) in semiconductors can be best approximated by

he expression 𝑎 (0) = 𝑏 + 𝑐( 𝐸 𝑔 ) 
−1 
2 where b and c are constants. Using an

 g value of 3.6 eV for SnO 2 , the value of a(0) was determined from the

lot of ( 𝐸 𝑔 ) 
−1 
2 versus a(0) as given in reference-11, and was found to

e ∼ 6.2 nm. The efficiency with which energy deposited in the elec-
ronic subsystem is subsequently transferred to the lattice is governed
y the electron-phonon coupling parameter g where typically g insulator 

 g . According to Szenes [9,11] , the value of g depends on elec-
conductor 

139 
ron concentration (n). It is found that, for conductive materials (n ≥
0 20 cm 

−3 ), the value of g is ∼ 0.092 [11] , while for insulators it is
0.4 [15] . In a later section, we have reported the results of electri-

al measurements. From these measurements we can say pristine sam-
les of group A (as-deposited SnO 2 ) are in conducting state with n =
 . 164 × 10 20 cm 

−3 and pristine samples of group B (annealed SnO 2 ) are
n insulating state. The value of S eth for as-deposited and annealed SnO 2 
lms was calculated from Eq. (3) by substituting the values of material
ensity ( 𝜌 = 6.99 g/cm 

3 ), average specific heat (C = 0.3490 J/gK), melt-
ng temperature ( T m 

= 1898 K) [53,54] , irradiation temperature ( T irr =
00 K) for SnO 2 . For the as-deposited SnO 2 films the threshold value of
rack formation or amorphization S eth (estimated by using a(0) = 6.2 nm
nd g = 0.092 [11] ) is 31.92 keV nm 

−1 . In this case, the S e value is less
han the threshold value required to induce amorphization/melting of
aterial and we expect that only point defects or clusters of point defects
ill be produced in as-deposited SnO 2 thin films. For annealed SnO 2 
lms the value of S eth (calculated by using a(0) = 4.5 nm and g = 0.4
15] ) is 3.868 keV nm 

−1 , which is much smaller than the available S e of
7.19 keV nm 

−1 induced by 120 MeV 𝐴𝑢 9+ ions. Therefore, latent track
ormation/amorphization/melting is only possible in the annealed films
samples of group B) but not in the as-deposited films (samples of group
). The value of threshold electronic energy loss S eth in as-deposited and
nnealed SnO 2 films along with values of S e , S n and R are listed in the
able 1 . For permanent damage, the maximum temperature reached at
he some local region needs to be significantly higher than the melt-
ng temperature (1898 K for SnO 2 ). The structure of grains is changed
spherical to ribbon/rod like) only when melting is observed and the
ature/size of the new structure corresponded closely to the maximum
olten region. 

The basic assumption of Szenes ’ thermal-spike model [9] is that
round the path of the swift heavy ion a high-temperature region is
ormed in the material. It is assumed that when the temperature exceeds
he melting point of the material a melt is formed. Due to its small diam-
ter, the cooling rate of the melt may reach 10 13 - 10 14 K/s that results
n an amorphous structure when the melt solidifies [9,19] . In this model
9] , time zero is chosen when the lattice temperature on the track axis
ttains its maximum/peak value ( T p ) and time t is measured from that
oment (see Fig. 2 ). Let us denote by T irr , T m 

, T(r,t) the target tem-
erature during irradiation, the melting point, and the temperature at
 distance r from the ion path, respectively. If ΔT ( r, t ) is the local tem-
erature increase in the thermal spike then T(r,t) = T irr + ΔT ( r, t ). This
T ( r, t ) can be described by a radial Gaussian distribution:- 

𝑇 ( 𝑟, 𝑡 ) = 

𝑄 

𝜋𝑎 2 ( 𝑡 ) 
𝑒 

− 𝑟 2 

𝑎 2 ( 𝑡 ) (4)

here Q = (g S e - L 𝜌𝜋R 

2 )/( 𝜌C ) is determined by (partial) energy con-
ervation and a 2 (t) = a 2 (0) + 4kt/( 𝜌C) denotes the width of the tem-
erature profile at later times. The quantities R = R(t) is the radius of
he melted zone, 𝜌, C and L are the density, the mean specific heat, and
he latent heat of melting, respectively. The parameter g determines the
raction of electronic excitation energy which is converted to heat at
ime zero. Here, the approximation g S e ≫ L 𝜌𝜋R 

2 will be used. This is
sually valid for materials in which S > S is observed. Interestingly,
e eth 
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Fig. 2. Formation of a melted zone around the swift heavy ion path in the annealed SnO 2 
film. a(0) and R 0 are the width of the thermal spike and latent track/melted zone radius, 
respectively. The central blue (dark) color region shows the width of the thermal spike, 
a(0), and its adjacent yellow (light) color region on both sides shows the thermal-spike- 
induced latent track/melted zone in the annealed SnO 2 film. T P and 𝑇 0 = 𝑇 𝑚 − 𝑇 𝑖𝑟𝑟 are 
the peak temperature and thermal spike temperature required for melting the SnO 2 film, 
respectively. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of the article). (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 
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zenes [9] found a correlation between the threshold electronic energy
oss for track formation , S eth , and the thermal energy required to reach
he melting temperature. The target material melts in the region where
ts temperature (Δ𝑇 + 𝑇 𝑖𝑟𝑟 ) exceeds the melting point T m 

of material.
herefore, to reach the melting point the temperature in the thermal
pike should be increased by T 0 = T m 

− T irr . The maximum value R =
 0 can be obtained from the condition dr/dt = 0 at ΔT = T 0 . If the tem-
erature at r = a(t) is denoted by T a then R = R 0 when T a = T 0 . The
idth of the temperature distribution a(t) increases and T a decreases
ith time in the cooling spike. If initially T 0 > T a , at t = 0 [R(0) < a(0)],

hen T 0 = T a never fulfills and the melted zone will have its maximum
iameter at t = 0. If T 0 < T a at t = 0 [R(0) > a(0)] then the melted zone
xpands up to t = 𝑡 

′
when T a = T 0 , [ R 0 = R( 𝑡 

′
) = a( 𝑡 

′
)] and further it

hrinks for t > 𝑡 
′

(see Fig. 2 ). Thus, the two simple equations for radius
f melted zone (track radius) was obtained by Szenes [9,13] using the
ondition of maxima in Eq. (4) . 

 

2 
0 = 𝑎 2 (0) ln 

[ 
𝑆 𝑒 

𝑆 𝑒𝑡ℎ 

] 
, 1 ≤ 

𝑆 𝑒 

𝑆 𝑒𝑡ℎ 
≤ 2 . 7 (5)

 

2 
0 = 

[ 
𝑎 2 (0) 
2 . 7 

] 
𝑆 𝑒 

𝑆 
, 

𝑆 𝑒 

𝑆 
> 2 . 7 (6)
𝑒𝑡ℎ 𝑒𝑡ℎ 

140 
ccording to Eq. (5) there is a threshold electronic energy loss S eth below
hich no melting/amorphization is predicted and at this point T p = T 0 .
xpression 5 describes a logarithmic variation of the melted zone cross
ection A = 𝜋𝑅 

2 
0 in the 1 < 

𝑆 𝑒 

𝑆 𝑒𝑡ℎ 
< 2 . 7 range. Expression 6 is an equation

f a straight line for S e / S eth > 2.7 going through the origin. There is a
mooth transition between the linear and logarithmic regimes. At S e =
.7 S eth , both expressions provide the same value for track radius. 

The value of S e / S eth ratio for annealed SnO 2 samples is ∼ 7.0. The
pproximate value of radius of melted zone ( R 0 ) in annealed SnO 2 
amples has been calculated from Eq. (6) as 7.26 nm. Since the esti-
ated melted zone diameter is ∼ 14.52 nm, the 1 cm 

2 sample will be
ully covered with melted zones/ion tracks at a fluence of about 6 ×
0 11 ions/cm 

2 , corresponding to 1/ 𝜋𝑅 

2 
0 . Thus, beyond this critical flu-

nce ( > 6 × 10 11 ions/cm 

2 ) there will be a considerable overlapping of
elted zones. 

To understand the structural modifications induced by SHI irradi-
tions, we have performed X-ray diffraction measurements. Fig. 3 (a)
hows the XRD patterns for group A samples. The group A samples turn
ut to be polycrystalline in nature with (110), (101), (200) and (211)
lanes of tetragonal rutile tin oxide. It is clear from XRD patterns of
roup A samples that there is no reduction in crystallinity after irradi-
tion. The amorphization is induced in crystalline lattice only above a
ertain threshold value of S e , which directly depends on the free elec-
ron concentration (n). In a later section, we have reported the results of
all measurements. From these measurements we can say as-deposited
nO 2 samples are in conducting state with n ≥ 10 20 cm 

−3 . These conduc-
ion electrons rapidly spread the energy of incident-ion throughout the
aterial. Therefore, as-deposited samples require high beam energy to

nduce amorphization in crystalline lattice. But in the present case the
alue of S e ( ∼ 27.19 keV nm 

−1 ) is less than the threshold value ( S eth ∼
1.92 keV nm 

−1 ) required to induce amorphization in as-deposited sam-
les. Consequently, we except that only point defects or cluster of point
efects will be produced after irradiation. Fig. 3 (b) presents the XRD
atterns of group B films. The pristine XRD pattern of group B reveals
our prominent peaks ((110), (101), (200) and (211)) corresponding to
etragonal rutile structure of SnO 2 . The growth of tin oxide nano-crystals
nd thus improvement in crystallinity after annealing is a common phe-
omenon [55] . From Fig. 3 (b), it is observed that intensity of diffraction
eaks decreases for the films irradiated with the fluence of 1 × 10 11 and
 × 10 11 ions/cm 

2 . The decrease of peak intensity is due to reduction
n crystallinity of the annealed SnO 2 film. Further, with increase in ion
uence, the diffraction peaks completely disappear at the fluence of 1
10 12 ions/cm 

2 . The sample in this case is amorphized as a result of
ascade quenching with SHI irradiation. The structural modification in-
uced by SHI irradiation can be explained by total energy deposited in
lectronic excitations or ionizations in the films by energetic ion. The
mparted energy of the incoming ions in annealed films at higher flu-
nce may result in overlapping of tracks to cause lattice disordering
nside grains. The value of threshold electronic energy loss S eth for an-
ealed samples is very less than that of as-deposited samples. Therefore,
20 MeV 𝐴𝑢 9+ ions are sufficient to induce amorphization in crystalline
attice of annealed samples. 

The electrical properties of the films were estimated by resistivity
nd Hall effect measurements made at room temperature. The room
emperature results are presented for all measured films in Table 2 . The
s-deposited SnO 2 films (pristine samples of group A) show the best
ombination of electrical properties as follows: resistivity ( 𝜌) of 1.75 ×
0 −3 Ω cm, carrier concentration (n) of 3.164 × 10 20 cm 

−3 , and mobil-
ty ( 𝜇) of 11.291 cm 

2 V 

−1 s −1 . In contrast, the resistivity of the ther-
ally annealed films (pristine samples of group B) shows an insulating

ehavior. It has long been thought that native defects such as oxygen
acancy V O and tin interstitial Sn i are responsible for the observed n-
ype conductivity. First principle calculations have provided evidence
hat usual suspects such as oxygen vacancy V O and tin interstitial Sn i 
re actually not responsible for n-type conductivity in majority of the
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Fig. 3. X-ray diffraction patterns of (a) group A and (b) group B thin films. 
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ases [56–58] . These calculations indicate that the oxygen vacancies
re a deep donor, whereas tin interstitials are too mobile to be stable at
oom temperature [57] . Recent first principle calculations have drawn
ttention on the role of donor impurities in unintentional n-type conduc-
ivity [56–62] . Hydrogen is indeed a especially ambidextrous impurity
n this respect, since it is extremely difficult to detect experimentally
56–58] . By means of density functional calculations it has been shown
hat hydrogen can substitute on an oxygen site and has a low formation
nergy and act as a shallow donor [56–58] . Hydrogen is by no means the
nly possible shallow donor impurity in tin oxide, but it is a very likely
andidate for an impurity that can be unintentionally incorporated and
an explain observed unintentional n-type conductivity [58] . Several
roups have reported on the incorporation of hydrogen in tin oxide and
any have claimed that hydrogen substitutes for oxygen [56,57,63–
7] . In the thermally annealed film, the transformation towards stoi-
hiometry leads to an increase in the resistivity as expected for a metal-
xide semiconductor. Thermal annealing of as-deposited SnO 2 films has
een carried out beyond the migration temperature of 𝐻 

+ 
𝑂 

defects ( ∼
00 K) [56,57,76,77] to confirm the role of 𝐻 

+ 
𝑂 

defects on the film
esistivity. 

Measurement of resistivity, carrier density, and mobility as a func-
ion of ion fluence (1 × 10 11 to 3 × 10 13 ions/cm 

2 ) promulgates that
ncreasing fluence results in degradation in electrical properties of as-
eposited SnO 2 (see Table 2 ). The electrical resistivity of as-deposited
nO 2 thin films increases from 1.75 × 10 −3 to 152 Ω cm, the carrier den-
ity and mobility decrease from 3.164 × 10 20 to 8.692 × 10 15 cm 

−3 and
rom 11.291 to 4.728 cm 

2 V 

−1 s −1 with increasing ion fluence from 1 ×
0 11 to 3 × 10 12 ions/cm 

2 . In addition, electrical measurements above
 × 10 12 ions/cm 

2 show that the sheet resistance of irradiated films is of
he order of 10 M Ω/ □. The swift heavy ion irradiation is a very effec-
ive technique to create point defects in the lattice of conducting target
aterial (when S e < S eth ). Both donor ( 𝑆𝑛 4+ 

𝑂 
) and acceptor ( 𝑉 4− 

𝑆𝑛 
, 𝑂 

2− 
𝑖 
,

 

2− 
𝑆𝑛 

) type of native defects can be created with the help of ion beam. The
oncentration of native defects depends on their formation energies. A
ow formation energy implies a high concentration of the defect and a
igh formation energy means defects are unlikely to form. SHI irradi-
tion can also anneal-out the pre-existing defects ( 𝐻 

+ 
𝑂 

) of as-deposited
amples. Self-annealing is a process through which pre-existing defects
f target are annealed out. Self-annealing of pre-existing defects ( 𝐻 

+ 
𝑂 

)
epends upon the ion fluence of irradiation. Almost all pre-existing de-
ects ( 𝐻 

+ 
𝑂 

) may anneal-out at high fluence. In this process, the energy
ransfer through ion-electron interaction makes the target abnormally
xcited. The electrical properties of irradiated films could be influenced
141 
y both self-annealing of pre-existing defects and formation of new point
efects. 

The temperature dependence of electrical resistivity in the range 30–
00 °C indicates that as-deposited SnO 2 films (pristine samples of group
) are degenerate semiconductors. The film degeneracy was further con-
rmed by evaluating degeneracy temperature T D of the electron gas by
he expression [78,79] : 

 𝐷 ≃
( 

ℏ 2 

2 𝑚 

∗ 𝑘 𝐵 

) 

(3 𝜋2 𝑛 ) 
2 
3 = 𝐸 𝐹 ∕ 𝑘 𝐵 , (7)

here m 

∗ is the reduce effective mass and n is the electron concentra-
ion. The degeneracy temperature of all investigated samples is clearly
isplayed in Table 2 . It can be seen that T D of as-deposited SnO 2 (pris-
ine) films are well above room temperature, at around 6000 K. Here,
e have tried to identify the main scattering mechanisms that influ-

nce the mobility of as-deposited SnO 2 films. There are many scatter-
ng mechanisms such as grain-boundary scattering, domain scattering,
urface scattering, interface scattering, phonon scattering (lattice vibra-
ion), neutral, and ionized impurity scattering which may influence the
obility of the films [80,81] . The interaction between the scattering

entres and the carriers determines the actual value of the mobility of
he carriers in the samples. In the interpretation of the mobility obtained
or as-deposited SnO 2 films, one has to deal with the problem of mixed
cattering of carriers. To solve this problem, one has to identify the main
cattering mechanism and then determine their contributions. The SnO 2 
lms prepared here are polycrystalline. They are composed of grains

oined together by grain boundaries, which are transitional regions be-
ween different orientations of neighboring grains. These boundaries be-
ween grains play a significant role in the scattering of charge carriers
n polycrystalline thin films. The grain boundary scattering has an effect
n the total mobility only if the grain size is approximately of the same
rder as the mean free path of the charge carriers ( D ∼ 𝜆). The mean
ree path for the degenerate samples can be calculated from known mo-
ility ( 𝜇) and carrier concentration (n) using the following expression
79,81] : 

= (3 𝜋2 ) 
1 
3 

( 

ℏ𝜇

𝑒 

) 

𝑛 
1 
3 , (8)

he mean free path value calculated for the as-deposited SnO 2 film is
.569 nm which is considerable shorter than grain size (D ∼ 50 nm)
stimated using AFM. Moreover, the effect of crystallite interfaces is
eaker in semiconductors, with n ≥ 10 20 cm 

−3 , observed here, as a
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142 
onsequence of the narrower depletion layer width at the interface be-
ween two grains [82] . Based on above discussion it is concluded that
rain boundary scattering is not a dominant mechanism. 

The mobility of the free carrier is not affected by surface scattering
nless the mean free path is comparable to the film thickness [83] . Mean
ree path value calculated for the as-deposited SnO 2 film is 1.569 nm,
hich is much smaller than the film thickness (t ∼ 500 nm). Hence, sur-

ace scattering can be ruled out as the primary mechanism. Scattering by
coustical phonons [84] apparently plays a subordinate role in the as-
eposited SnO 2 films because no remarkable temperature dependence
ave been observed between 30 and 200 °C. Moreover, neutral impurity
cattering can be neglected because the neutral defect concentration is
egligible in the as-deposited SnO 2 films [79,81] . Electron-electron scat-
ering, as suggested to be important in Ref. [81] , can also be neglected
s it does not change the total electron momentum and thus not the
obility. In high crystalline SnO 2 films, scattering by dislocations and
recipitation is expected to be of little importance [85] . 

Another scattering mechanism popular in unintentionally doped
emiconductors is the ionized impurity scattering. According to the
rooks-Herring formula [86] , the relaxation time for coupling to ion-

zed impurities is in the degenerate case, given by 

𝑖 = 

(2 𝑚 

∗ ) 
1 
2 ( 𝜖𝑜 𝜖𝑟 ) 2 ( 𝐸 𝐹 ) 

3 
2 

𝜋𝑒 4 𝑁 𝑖 𝑓 ( 𝑥 ) 
, (9)

ith N i the carrier concentration of ionized impurities and f(x) given by

( 𝑥 ) = 𝑙𝑛 (1 + 𝑥 ) − 

𝑥 

1 + 𝑥 
, (10)

ith 

 = 

8 𝑚 

∗ 𝐸 𝐹 𝑅 

2 
𝑆 

ℏ 2 
, (11)

he screening radius R S is given by 

 𝑆 = 

(
ℏ 

2 𝑒 

)( 𝜖𝑜 𝜖𝑟 
𝑚 

∗ 

) 1 
2 
( 

𝜋

3 𝑁 𝑖 

) 

1 
6 
, (12)

here 𝜖r is the relative dielectric permittivity and m 

∗ is the effective
ass of the carriers. The mobility ( 𝜇) is defined as 

= 

𝑒𝜏

𝑚 

∗ , (13)

ubstitution of the 𝜏 i expression [ Eq. (9) ] in Eq. (13) yields the expres-
ion for mobility due to ionized impurities as 

𝑖 = 

( 2 
𝑚 ∗ 

) 
1 
2 ( 𝜖𝑜 𝜖𝑟 ) 2 ( 𝐸 𝐹 ) 

3 
2 

𝜋𝑒 3 𝑁 𝑖 𝑓 ( 𝑥 ) 
, (14)

ince all the 𝐻 

+ 
𝑂 

defects present in the as-deposited SnO 2 films will be
ully ionized at room temperature, impurity ion concentration will be
qual to the free carrier concentration. Thus taking N i = n, m 

∗ = 0.31 m,

r = 13.5 [53] and using Eq. (7) in Eq. (14) we get simplified form as 

𝑖 = 

2 . 4232 × 10 −4 
𝑓 ( 𝑥 ) 

, (15)

ith 

 = 1 . 7942 × 10 −9 𝑛 
1 
3 , (16)

he calculated mobility and measured mobility values for as-deposited
nO 2 thin films are 9.747 and 11.291 cm 

2 V 

−1 s −1 respectively, both
re comparable to each other. This clearly indicates that the main scat-
ering mechanism reducing the intra-grain mobility of the electrons in
s-deposited SnO 2 films is the ionized impurity scattering. Ionized impu-
ity scattering with singly ionized 𝐻 

+ 
𝑂 

donors best describes the mobil-
ty of as-deposited SnO 2 samples. This finding supports our assumption
hat 𝐻 

+ 
𝑂 

defect is source of conductivity in as-deposited SnO 2 sample.
he mobility of electrons in non-degenerate semiconductor increases
ith temperature and is independent of the electron concentration,
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Fig. 4. Atomic force microscopy images of SnO 2 surfaces: (a) group A - pristine sample, 
(b) group A - 3 × 10 13 ions/cm 

2 irradiated sample, (c) group B - pristine sample, (d) 
group B - 1 × 10 11 ions/cm 

2 irradiated sample, (e) group B - 3 × 10 11 ions/cm 

2 irradiated 
sample, (f) group B - 1 × 10 12 ions/cm 

2 irradiated sample, (g) group B - 3 × 10 12 ions/cm 

2 

irradiated sample, (h) group B - 1 × 10 13 ions/cm 

2 irradiated sample, (i) group B - 3 ×
10 13 ions/cm 

2 irradiated sample. 
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hereas the mobility in a highly degenerate semiconductor is nearly
ndependent of temperature and increases with electron concentration
87,88] . 

The surface morphology of group A and group B samples were in-
estigated by atomic force microscopy (AFM) using a NanoScope IIIa
rom Digital Instruments operating in tapping mode. Fig. 4 shows the
FM micrographs of group A and group B samples. Fig. 4 (a) shows the
orphology of the as-deposited SnO 2 film (pristine sample of group A)
hich has nanostructures with broader size distribution in the range

rom 15 to 50 nm. The root mean square (rms) roughness is 5 nm.
hen this as-deposited SnO 2 film is irradiated with 3 × 10 13 ions/cm 

2 

 Fig. 4 (b)), there is a significant increment in rms roughness (23 nm)
nd crystallite size. The dimension of nanostructures becomes 30 to
0 nm. Fig. 4 (c) shows the surface morphology of an annealed SnO 2 
lm (pristine sample of group B). After annealing, the nanostructures
ecome almost spherical in shape with size in the range of 50 to 150 nm
nd rms roughness of 15 nm. The increment in grain size is caused due
o the thermal heating induced growth in crystallinity. These grains are
ligned in a particular direction leading to increment in rms roughness.
g

Table 3 

Morphological studies for all the samples. 

Samples Group A 

Particle shape Particle size Rms roughnes

Pristine Spherical 15–50 nm 5 nm 

1 × 10 11 ions/cm 

2 Spherical 15–50 nm 10 nm 

3 × 10 11 ions/cm 

2 Spherical 20–50 nm 12 nm 

1 × 10 12 ions/cm 

2 Spherical 20–55 nm 15 nm 

3 × 10 12 ions/cm 

2 Spherical 20–55 nm 13 nm 

1 × 10 13 ions/cm 

2 Spherical 30–60 nm 25 nm 

3 × 10 13 ions/cm 

2 Spherical 30–60 nm 23 nm 

143 
t is clear from the Fig. 4 (c) that annealed SnO 2 films show granular
anostructure with distinct grain boundary. Fig. 4(d)–(i) shows surface
orphologies of the annealed samples irradiated with 1 × 10 11 , 3 ×
0 11 , 1 × 10 12 , 3 × 10 12 , 1 × 10 13 and 3 × 10 13 ions/cm 

2 , respectively.
he irradiated samples of group B show that nanostructures get started
o alteration at the lower irradiation fluence of 1 × 10 11 ions/cm 

2 . The
rains are still distinct and not cobbled together at lower irradiation
uence. Remarkable changes can be seen in 3 × 10 11 ions/cm 

2 fluence
rradiated film. The nanostructures get entirely smashed via eliminat-
ng boundaries and the new aggregated grains of unusual morphology
re appeared on the sample surface. This arrangement of structures, un-
er SHI irradiation, is expected to be governed by the confinement of
 high density of energy of bombarding ions in the volume of individ-
al grains and grain diffusion process. Fig. 4 (i) shows the surface of
he group B film irradiated with 3 × 10 13 ions/cm 

2 fluence. Morphol-
gy of this film is very much different from that shown in Fig. 4 (b).
t this condition nanoribbon/nanorod like structures with size in the
ange of 200–300 nm and rms roughness of 15 nm are grown in lat-
ral direction on the surface. The details of the morphological studies
re summarized in Table 3 . Morphology of irradiated film depends on
he conductivity of target material. If the target material is a conductor
pristine sample of group A: 𝑛 ≥ 10 20 cm 

−3 ) then conduction electrons
apidly spread the energy of incident ion throughout the material and
e find similar pristine/target sample like morphology with some di-
ensional change after irradiation (see Fig. 4(a) and (b) ). But if target
aterial is an insulator (such as pristine sample of group B) then projec-

ile ions can not spread their energy throughout the target material and
herefore they create high energy region in the close vicinity of their
aths. This cylindrical region around the path of the ion may become
uid if maximum temperature reached at the centre is higher than the
elting temperature of the material. The structure of grains is changed

spherical to ribbon/rod like) only when melting is observed and the
ature/size of the new structure corresponded closely to the maximum
olten region. The approximate value of molten zone radius on the an-
ealed SnO 2 film surface is ∼ 7.26 nm. By considering 14.52 nm as
he diameter of the molten zone on the annealed film surface, the crit-
cal fluence to cover the total surface with molten zones is found to be
bout 6 × 10 11 ions/cm 

2 . Thus, beyond this critical fluence there will be
 considerable overlapping of molten zones (See Fig. 5 ). The nanorib-
on/nanorod like morphology was first observed at 1 × 10 12 ions/cm 

2 ,
hich is higher than the value 6 × 10 11 ions/cm 

2 of ion fluence. This
hows that the nanoribbon/nanorod like structures are not created by
ingle-ion impact but rather they are the result of overlapping of molten
ones. The typical amorphous nanoribbon/nanorod like structures could
rise on the surface of the high fluence ( > 6 × 10 11 ions/cm 

2 ) irradiated
lms due to rapid resolidification of the molten layer. According to the
rinciples of solidification [89] , the morphology of solidified material is
ontrolled by the temperature gradient (G) in the liquid near the advanc-
ng interface and by the growth rate (R). Melt recoil pressure, surface
ension, diffusion and evaporation dynamics could also affect the reso-
idification process of molten layer and consequently the structure of
rains. 
Group B 

s Particle shape Particle size Rms roughness 

Spherical 50–150 nm 15 nm 

Irregular – 21 nm 

Irregular – 13 nm 

Ribbon/Rod-like 50–150 nm thick 8 nm 

Ribbon/Rod-like 50–150 nm thick 16 nm 

Ribbon/Rod-like 50–200 nm thick 15 nm 

Ribbon/Rod-like 200–300 nm thick 15 nm 



S. Gupta et al. Surface Science 664 (2017) 137–146 

Fig. 5. Schematic illustration of the formation mechanism of nanoribbon/nanorod like structures. 
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. Conclusions 

Highly conducting SnO 2 thin films were successfully deposited by
pray pyrolysis technique on quartz substrates at 425 °C. One set of
s-deposited films were annealed in the air by increasing the substrate
emperature to 850 °C for 2 h. These as-deposited and annealed films
ere irradiated with 120 MeV 𝐴𝑢 9+ ions at six fluence values of 1 ×
0 11 , 3 × 10 11 , 1 × 10 12 , 3 × 10 12 , 1 × 10 13 and 3 × 10 13 ions/cm 

2 

sing 15 MV Pelletron tandem accelerator. The analysis of X-ray diffrac-
ion patterns reveals that the as-deposited and annealed tin oxide thin
lms are pure crystalline with tetragonal rutile phase of tin oxide which
elongs to the space group P4 2 /mnm (number 136). Electrical measure-
ent shows that as-deposited SnO 2 films are in conducting state with
 = 3 . 164 × 10 20 cm 

−3 and annealed SnO 2 films are in insulating state.
he results of electrical measurements suggest that 𝐻 

+ 
𝑂 

defects in as-
eposited SnO 2 thin films are responsible for the conductivity. Through
lectrical investigation it has also been found that the main scatter-
ng mechanism reducing the intra-grain mobility of the electrons in as-
eposited SnO 2 films is the ionized impurity scattering. Ionized impurity
cattering with singly ionized 𝐻 

+ 
𝑂 

donor best describes the mobility of
s-deposited SnO 2 samples. The amorphized latent tracks are created
nly above a certain threshold value of S e , which directly depends on
he free electron concentration (n). The electronic energy loss ( S e ) of
20 MeV 𝐴𝑢 9+ ions in SnO 2 is greater than the threshold energy loss
 S eth ) required for the latent track formation in annealed SnO 2 thin film,
ut is less than S eth required for as-deposited SnO 2 film. Therefore, the
atent tracks are formed in the annealed SnO 2 film and not in the as-
eposited SnO 2 film. Thermal spike model is used for the calculation
f threshold energy loss and radius of melted zone. The possible mech-
nism of the structural changes and surface microstructure evolutions
144 
s briefly discussed in the light of ion ’s energy relaxation processes and
arget ’s conductivity. The atomic force microscopy (AFM) study of films
eveals that the morphologies of irradiated films are linked with carrier
oncentration of target materials. 
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