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Abstract
The effect of Ni ion irradiation on selenium nanowires of 80 nm diameter is studied in the present work. Se nanowires were 
prepared by using electrodeposition technique in polycarbonate membrane. Changes in the structural, optical and electrical 
properties are studied using XRD, UV/Vis spectroscopy and current–voltage characteristics, of the pristine and irradiated 
samples. X-ray diffraction study confirms the variation in peak intensity without any shifting in peak position. Variation in 
texture coefficient and grain size was clearly observed which is a consequence of changing plane orientation, irradiation 
induced grain growth and grain fragmentation. A decrease in the optical band gap takes place due to interstitial energy band 
states in the vicinity of conduction and valence band. IVC also shows variation in the conductivity which is due to the gen-
eration of current carriers with the passage of energetic ions.
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1  Introduction

There is considerable interest in investigating the proper-
ties of II–VI group semiconducting nanomaterials due to 
their wide application. Nanowires are the smallest building 
blocks towards next- generation technology and are broadly 
implemented in the formation of nanodevices. During the 
last few years, many researchers have stated various one- 
dimensional based nanodevices like solar cells, field effect 
transistors (FETs), nanogenerators etc. [1–4].

Selenium is a p-type semiconductor having energy band 
gap of the order of 1.6 eV, belonging to VI group. One 
dimensional selenium nanowires are studied extensively due 
to their high catalytic activity, improved photoconductivity 
and better electrical conduction [5, 6]. Selenium nanowires 
have immense utility in batteries, solar cells, xerography and 
light measuring devices. 1D selenium nanostructures may 
act as a major element for photoconductor due to their spec-
tral response in the entire visible range. Different researchers 
used different methods for the synthesis of selenium nanow-
ires, Liao et al. [7] synthesize ultra long selenium nanow-
ires and bundles via CTAB assisted solvothermal method. 
Kumar et al. [8] used template-assisted electrodeposition to 
obtained vertically aligned selenium nanowires of uniform 
diameter. Steichen et al. [9] synthesize trigonal selenium 
nanorods by electrodeposition technique at high temperature 
from ionic liquid. Chen et al. [10] used a facile template-free 
solution method to prepare trigonal selenium nanowires on 
large scale. There are so many techniques for the synthesis of 
1D nanostructures like vapor segment growth, sonochemi-
cal approach, self-seeding system template-based approach, 
hydrothermal method, laser ablation, biomolecule-assisted 
synthesis, template free, solution phase approach etc. Among 
these entire techniques, template-assisted electrodeposition 
provides a simple, economical and skillful technique with 
the help of which we are able to get uniform growth of free 
standing nanowires with controlled shape, diameter and 
length at large scale [11].

Energetic ion beams have been distressed by research-
ers in divergent ways in the field of materials science. Ion 
irradiation is studied extensively as a unique tool to modify 
the properties of materials at different length scales in a con-
trolled way. The structural, electrical and optical properties 
of semiconductor nanostructures can be easily modified by 
irradiation or implantation process. Energetic ions penetrat-
ing a solid lose energy via two processes (1) elastic collision, 
in which direct transfer of energy to the target material takes 
place, also called nuclear energy loss (Sn) and (2) inelastic 
collision i.e. electronic excitation and ionization of target 
atoms, also known as electronic energy loss (Se). The later 

process is prevalent in action of swift heavy ion (SHI) irra-
diation. On its passage in the material, energetic ion leads 
to the excitation and ionization process which results in the 
different kind of defects like; disorder clusters, vacancies 
and, dislocations which have an effect on the energy levels 
and modifications in the physical properties of the materi-
als in a controlled way [12–17]. The formation of defects in 
any material depends on the energy of the incident ion and 
its weight. The presence and distribution of these defects 
greatly affect the performance of many devices like sen-
sors, Schottky diodes, solar cells etc. Moreover trapping and 
recombination of charge carriers are mainly accountable for 
the modification in optical and electrical properties of the 
material [18, 19]. Significant modification in the electric and 
optical properties was observed in CdSe thin films under 
swift heavy ion irradiation [20]. An appreciable change in 
the optical properties of graphene nanosheets was observed 
on low energy nitrogen ion implantation [21]. Impact of 
energetic ions on nanomaterials plays an important role in 
tailoring the properties of nanomaterials like crystallinity, 
free charge density, conductivity etc. Recent studies also 
show that irradiation have fruitful effects on nanomaterial 
properties. Swift heavy ions have a potential to modify the 
nanomaterial properties by huge energy transferred through 
electronic excitation process. Changes in the electrical and 
optical properties of Se nanowires due to the formation of 
defects require a detailed investigation. Change in the prop-
erties of nanomaterial on irradiation is reported in our pre-
vious studies [22–25]. But the effects of irradiation on the 
selenium nanowires, are not explored much.

In the present investigation, we have examined the effect 
of 80 MeV Ni6+ ions irradiation on Se nanowires (80 nm) 
for different fluences ranging from 1 × 1011 to 1 × 1013 ions/
cm2. The energy of the nickel ions is so chosen, that they 
may easily cross the whole length of nanowires (10 µm).

2 � Experimental Details

2.1 � Synthesis

AR grade chemicals, purchased from Sigma Aldrich Com-
pany, were used for synthesis of selenium nanowires. A three-
electrode setup was used for the electrodeposition of selenium 
nanowires. Electrolyte consists of selenium dioxide (SeO2) and 
boric acid (H2BO3) and pH of the solution was maintained 
around 2. Polycarbonate membrane, which had pore of 80 nm 
diameter, was used for deposition. One side of the membrane 
was coated with gold–palladium alloy and was then placed on 
copper tape and deposition was thereafter performed in a cell 



218	 Electronic Materials Letters (2019) 15:216–226

1 3

made of Perspex, for 7 min at room temperature (32 ± 2) °C. 
Deposition reaction was governed by the use of potentiostat 
(SP-240 Biologic) via chrono-amperometery process in which 
all the potentials were applied with respect to the reference 
electrode (Ag/AgCl). The copper tape, along with polycarbon-
ate membrane, works as a working electrode and for counter 
electrode, a thin wire of platinum was used whose diameter 
was around 5 mm. During electrochemical reaction filling of 
the pores takes place and after complete deposition, the sample 
was collected carefully and placed in desiccator.

2.2 � Irradiation Parameters

The nanowires were irradiated with 80 MeV Ni6+ ions beam 
using 15UD pelletron facility available at Inter University 
Accelerator Centre (IUAC), New Delhi, India, for different 
fluence ranging from 1 × 1011 to 1 × 1013 ions/cm2. The sam-
ples were mounted on a metal ladder which enables the direct 
exposure of nanowires to ion beam in a vacuum chamber hav-
ing the pressure of 6 × 10−6 torr. All irradiation processes were 
carried out at this high vacuum. The beam was magnetically 
scanned over an area of 1 × 1 cm2 area. To avoid heating effect 
the beam current was maintained at 1 pnA [1 pnA (particle 
nanoampere) = 6.25 × 108 particles/cm2/s].

2.3 � SRIM TRIM Simulation

To understand the energy loss mechanism and range of the 
projectile, SRIM TRIM simulation were performed. Simula-
tion parameters for the 80 MeV Ni ion irradiation parameters 
like stopping powers (Se and Sn), projected range and ion strag-
gling are tabulated in Table 1.

SRIM comprises of comprehensive Monte Carlo software 
known as transport of ions in matter (TRIM), which provide 
an in depth study of ion damage cascades and the distribution 
of ions inside the material under consideration. SRIM/TRIM 
simulation supplies a quantitative estimation of the irradia-
tion-induced damages within the target material. In addition 
to longitudinal damages, energetic ions may also produce lat-
eral damages into the host material along their trajectories. 
These defects are in the form of interstitial spaces, electronic 
excitations, vacancies, and amorphization. TRIM simulation 
for 80 MeV Nickel ion beam interaction with Se NWs is as 
shown in Fig. 1a–d.

The anticipated ion trajectories for 3000 ions within 
the material are simulated in Fig. 1a. The nanowires are 

uniformly affected by the irradiation as the range of nickel 
ion was found to be 15.07 µm which is much larger than the 
length of the nanowires (10 µm) and therefore ions prob-
ability of implantation is negligible. The values of electronic 
(Se) and nuclear (Sn) energy losses are 9.148 × 102 eV/Å and 
2.357 eV/Å, respectively. Therefore the major part of the 
Ni6+ ion energy is imparted to the target material through 
electronic energy loss. Some limitations are also there with 
TRIM simulation as it makes computation only for a smooth 
surface and does not make any consideration for the impacts 
and damage produced by past embedded particles. As indi-
cated by TRIM-simulation, every Ni ion of this energy can 
produce 24,998 displacements including 24,998 vacancies 
and 0 replacement collision before stopping. Here ionization 
is the process of transfer of projectile energy to the target 
electron and recoil refers to the energy transferred from the 
recoil selenium atoms to the electrons. From the simula-
tion, it can be accomplished that the energetic Ni6+ ions 
lead to the creation of lattice defects in the form of vacancies 
and displacements on their passage through the selenium 
nanowires.

2.4 � Characterization

X-ray of 1.54 Ǻ wavelength was used for the structural anal-
ysis, which was taken from the Rigaku Miniflex II table top 
machine. Evaluation of crystal size was made from peak 
broadening by Scherrer method. JEOL JSM-6390 LV SEM 
was used for morphological analysis, which was taken at 
15 kV after the removal of polycarbonate membrane. Before 
SEM Analysis sample surface was made conducting, for 
which sample was coated with gold–palladium alloy using 
JEOL JFC-1600 Auto Fine coater Unit. UV-spectroscopy is 
an important tool which provides information about band 
gap. Optical properties of selenium nanowires were stud-
ied via absorption spectra using a double beam UV–visible 
spectrometer.

3 � Results and Discussion

3.1 � Morphological Study

For morphological studies, SEM analysis was performed 
after dissolving the template. The SEM pictures not just 
gave information about the surface morphology of nanow-
ires yet, in addition, portrayed the geometry of the pores of 
the template.

A good surface coverage with deposited NWs of 80 nm 
diameter was observed in the sample. Figure 2a shows the 
SEM image of prepared Se nanowires which confirms the 
uniform growth of NWs. The length of nanowires also seems 
to be about 10 µm. Breaking and distortion of the wires 

Table 1   The energy loss and range of 80 MeV Ni6+ ions in Se NWs

Ion Energy Ion range Electronic energy 
loss (Se)

Nuclear energy loss 
(Sn)

Ni6+ 80 MeV 15.07 µm 9.148 × 102 eV/Å 2.357 eV/Å
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during the dissolution of the template is a common thing 
which is also clearly visible in the picture. SEM images (fig-
ures (b), (c)) of irradiated nanowires show that irradiation 
has no much effect on the morphology of nanowires.

3.2 � Structural Analysis

To study the structural variation on irradiation, XRD spec-
trum was taken, as shown in Fig. 3, for different nanow-
ires samples both pristine and irradiated. The XRD pattern 
closely matches with JCPDS card no. 240714, which con-
firms the monoclinic structure of prepared NWs. The pres-
ence of a number of peaks of the different family of planes 
also confirms the polycrystalline nature of pre and post-irra-
diated samples. The Polycrystalline material comprises of a 
vast number of grains each of which has its own shape and 
directions in space. Right through the assembling process, 

grains might have a certain favored orientation with totally 
arbitrary (unpredictable) orientation of the lattice planes. 
During a few instances, polycrystalline material might also 
have some desired crystallographic orientation and texture 
[26]. Figure 3 clearly demonstrates no considerable change 
in the peak position, but the variation in peak intensity is 
clearly visible. The intensity of XRD peak is given by

I here refer to the relative intensity, F is the structure 
factor for the (hkl) plane and p is the multiplicity fac-
tor. The other factors are the Lorentz-polarization factor 
((1 + cos2θ)/(sin2θcosθ)) and the temperature factor (e−2M).

The process of X-ray absorption by an atom occurs if 
the X-ray has either an energy exactly equal to the energy 

(1)I = F2p

(

1 + cos2 2θ

sin2 θ cos θ

)

e−2M

Fig. 1   a Incident Ion trajectories in Se nanowires; b ion distribution; c distribution of ionization losses; d distribution of vacancies
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Fig. 2   SEM image of selenium 
nanowires of 80 nm diameter 
a pristine, b after irradiation at 
1 × 1011 ions/cm2, c after irra-
diation at 1 × 1013 ions/cm2

Fig. 3   XRD spectra for pristine and irradiated nanowires
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difference between an energy level occupied by an atomic 
electron and a vacant upper energy level, or an energy 
sufficient to eject the atomic electron (ionization), which 
leads to the absorption of the initial X-ray photon and the 
ejection of an electron. Absorption factor is calculated 
from the relation K/µ where K is constant and µ is linear 
absorption coefficient of the sample. The absorption factor 
is independent of the Bragg’s angle and does not affect the 
relative intensity of different peaks. Structure factor (F) 
likewise does not influence the peak intensity because of 
the same material. Lorentz-polarization factor also does 
not produce any variation in the intensity of diffraction 
peaks, because peak position (2θ) of pristine and irradiated 
samples is same. So multiplicity factor and temperature 
might be the conceivable reason for the variation in peak 
intensity. Multiplicity factor suggests the number of planes 
contributing toward particular diffraction peak. It incor-
porates all of the planes having identical interplanar spac-
ing, an example for (110) p is twelve, and for (111) it is 
eight, which indicates the miller planes having equal spac-
ing. Atoms in the lattice are continuously vibrating about 
their equilibrium position. As the temperature increases, 
this vibration amplitude will increase. One impact of this 
vibration is that the lattice spacing continuously changes 
in order that the intensity of the diffraction line decreases 
with increasing temperature. At the same time, background 
scattering increases. For a given temperature, the effect is 
prominent at higher Bragg angles because the d-spacing 
is smaller [24]. Out of remaining two factors, temperature 
and multiplicity factor, the temperature factor will not play 
a bigger role in the present case because all the samples 
were prepared at almost the same temperature. Therefore, 
only multiplication is a factor on which the peak intensity 
will directly depend, which can be calculated in the form 
of preferred orientation [27]. Preferred orientation can be 
evaluated on the basis of Texture Coefficient (TC) using 
the following equation [28, 29].

(2)TC =
I(hkl)

I0(hkl)

/

1

n

∑ I(hkl)

I0(hkl)

where I(hkl) is the measured relative intensity, Io(hkl) stands 
for relative intensity given in JCPDS card for corresponding 
peak and n is the number of miller planes. The value of the 
texture coefficient cannot be greater than n and a value more 
than 1 represents the Preferred Orientation of planes in the 
sample. The values of TC for pristine and irradiated nanow-
ires are tabulated in Table 2. The planes showing preferred 
orientation (i.e T.C > 1) are shown in italic.

In case of the pristine sample, planes (001), (002) and (311) 
show the preferred orientation. On irradiation, (311) plane is 
completely removed and a new plane (611) appears. With the 
increase in fluence, TC of (001) plane decreases and that of 
planes (231) and (611) increases, which confirms that more 
and more planes orient in the direction of (231) and (611) 
after irradiation.

Variation of Texture Coefficient with Fluence for planes 
(001), (231) and (611) is as shown in Fig. 4. A change in the 
value of TC after the irradiation shows that irradiation has 
affected the orientation of crystallites, due to which some of 
the intensities have increased and some have decreased. We 
can also say that the intensity of some peaks was increased at 
the expense of other reflections. The energy imparted to the 
host material results in the plane orientation. The crystallinity 
and quality of the nanowires enhanced with the exposure to 
ions and increment in the peak intensity inferring that irradia-
tion enlarges the crystallite size of the NWs. When a material 
is irradiated with ions, it may happen that the energy imparted 
to the material by energetic ion release the strain between 
grains which results in an additional increase in the crystal 
quality. The lattice vibration initiated by ionic particle helps 
the reorientation of these regions. Also, in this way intensity 
of a few planes will increase and of other planes decreases on 
irradiation.

Crystallite size was calculated from X-ray line broadening 
using Debye–Scherrer’s formula; [30].

(3)D =
Kλ

βCosθ

Table 2   Texture coefficient for 
pristine and irradiated NWs

Planes Pristine 1 × 1011 ions/
cm2

5 × 1011 ions/
cm2

1 × 1012 ions/
cm2

5 × 1012 ions/
cm2

1 × 1013 ions/
cm2

001 3.83 3.20 3.30 3.91 1.70 1.68
002 1.01 0.75 0.74 0.88 0.38 0.52
310 0.04 0.06 0.06 0.08 0.03 0.06
121 0.10 0.09 0.09 0.10 0.04 0.11
400 0.26 – – – – –
231 0.88 1.04 1.81 1.87 2.85 2.54
132 0.68 – – – – –
521 0.22 0.21 0.19 0.25 0.46 0.42
611 – 0.82 0.82 0.74 1.54 1.67
311 2.04 – – – – –
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where D is average crystallite size, λ and β are X-ray wave-
length and full width at half maxima respectively, θ is the 
Bragg’s diffraction angle and k is the constant having value 
0.94.

The density of dislocation (δ) and strain (ε) of the nanow-
ires was calculated from XRD data using the following rela-
tions [31, 32].

where ε is the weighted average strain, βs is for integral 
breadth of peak and θ is Bragg’s angle and D is the average 
crystallite size.

Amorphization and grain fragmentation is a common 
process during exposure to energetic ions. Irradiation 
always leads to the breaking and formation of new grains. 
The average crystallite size for pristine case is found to be 
23.20 nm which increases to a value of 28.77 nm for fluence 
5 × 1012 ions/cm2 but after that, a decrease in the crystal-
lite size (21.7 nm) at last fluence was observed. Similarly, 
dislocation density and strain decreases up to a fluence 
5 × 1012 ions/cm2 and after that, an increase in their values 
was observed as evident from Table 3. An increase in crys-
tallite size is a consequence of irradiation—induced grain 
growth.

3.3 � Optical Studies

To explore the optical properties of pristine and irradiated 
nanowires, UV/Vis. Spectroscopic study was performed. Fig-
ure 5 gives optical absorption spectrum of pre and post-irradi-
ated selenium nanowires. UV–visible spectra of the NWs have 

(4)ε = βs∕4 tan θ

(5)δ = 1∕D2m−2

recorded in the spectral range 400–750 nm after the removal of 
polycarbonate membrane. Absorption peak for pristine sam-
ple was observed at 585 nm and was shifted toward higher 
wavelength up to fluence 5 × 1012 ions/cm2. An increment in 
the absorption with fluence indicates the production of defect 
states within the energy band gap or increased crystallization.

Estimation of the band gap of pristine and irradiated sam-
ples was done with the help of Tauc plot by plotting the (αhν)2 
versus (hν) and extrapolating the linear portion of absorption 
edge to the energy axis (X-axis) [33] as shown in Fig. 6a. Fig-
ure 6b shows the variation of band gap with ion fluence. α is 
the absorption coefficient and was measured using the relation 
α = A/t, where A is the absorption and t is the thickness of the 
sample (10 µm). The optical band gap (Eg) of all samples was 
analyzed with the help of following relation.

The optical band gaps for pristine and irradiated NWs for 
different fluence are given in Table 4.

(6)(αhν) ∝
(

hν − Eg

)1∕2

Fig. 4   Variation of texture coefficient with fluence for three major 
peaks

Table 3   Average crystalite size, dislocation density and strain for 
pristine and irradiated samples

Fluence (ions/cm2) Average 
crystallite size 
(nm)

Disloca-
tion density 
(× 1015)

Strain (× 10−3)

Pristine 23.2 1.86 1.1
1 × 1011 23.6 1.79 1.0
5 × 1011 26.3 1.45 0.99
1 × 1012 28.3 1.25 0.92
5 × 1012 28.8 1.21 0.88
1 × 1013 21.7 2.13 1.2

Fig. 5   Absorption plot of pristine and implanted selenium nanowires
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The band gap of the pristine nanowires was observed as 
2.11 eV and decreased to a value of 1.97 eV till a fluence of 
5 × 1012 ions/cm2, after that increased to 2.01 eV at the last 
fluence. This increase or decrease in the band gap has been 
connected to the ion-induced grain growth or grain fragmen-
tation [34, 35]. The defects created during irradiation create 
defect levels in the vicinity of the valence and conduction 
band edge resulting in the band tailing [36]. Along with 
this, an increase in the optical band gap at the last fluence 
can be related to the decrease in crystallite size (21.7 nm) at 
1 × 1013 ions/cm2.

3.4 � Electrical Analysis

For realistic usage of semiconducting nanowires in device 
fabrication, the examination of their electrical properties 
becomes critical. Parameters like chemical composition, 
surface condition, diameter, crystal structure, and so on, 
of nanowires influence their electric behavior. Because 
of a large aspect ratio of nanowires, their surface energy 
increases which result in an increment of imperfections fixa-
tion and furthermore influences the conducting properties of 
nanowires. An arrangement of Ecopia Probe station along 
with two fine tungsten tip and Keithley 2400 source meter 
was utilized to record the current–voltage characteristic 
(IVC) of the nanowires (pristine and irradiated). Tungsten 
tip used for I–V measurement has a diameter of 10 µm which 

covers around 480 nanowires and provides collective behav-
ior of such amount of wires. Figure 7 displays the IVC of pre 
and post-irradiated nanowires in voltage range − 3 V to 3 V.

The curves are nonlinear and are almost symmetric in 
positive and negative voltage region. To understand such 
type of behavior, in literature, many times Schottky or Tun-
nel barrier at the contacts are considered responsible. How-
ever, in the present case at low voltage, the curves are almost 
linear and do not show any rectifying nature.

As observed from Fig. 7 at low voltages, there is a linear 
relationship between current and voltage showing the ohmic 
character but with the increment in voltage, a transition from 
I ∝ V to I ∝ V2 behavior takes place which is a consequence 
of Space Charge Limiting Current (SCLC). Moreover, a lin-
ear graph between I/V versus V (Fig. 8) shows the quadratic 
dependence of current on voltage that is I ∝ V2. So, here we 
argue that the contacts are not totally of Schottky nature 
and some different factor is furthermore responsible for this 

Fig. 6   a Tauc plots of pristine 
and implanted selenium nanow-
ires. b Variation of bang gap 
with fluence

Table 4   Band gap for pristine 
and implanted nanowires

Ion fluence 
(ions/cm2)

Band gap (eV)

Pristine 2.11
1 × 1011 2.05
5 × 1011 2.03
1 × 1012 2.01
5 × 1012 1.97
1 × 1013 2.01

Fig. 7   I–V characteristic of pristine and irradiated selenium nanow-
ires
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type of behavior. This dependence of current on the square 
of the voltage is a clear sign of space charge limiting cur-
rent (SCLC) and is an aftereffect of injection of a significant 
amount of electric charge from the contacts and a transition 
from ohmic behavior to SCLC or nonlinear behavior takes 
place.

The current density for such cases, as proposed by Talin 
et al. [37], is given by:

where ε is the permittivity of the material, µ is the charge 
mobility, V is the applied voltage and L is the length of the 
NWs. ζ(R/L) is a scaling factor depending upon the aspect 
ratio and R is the radius of nanowires. When R/L < 1, SCLC 
in the specimen follow the expression:

In the case of nanowires, SCLC has more dominance 
because of many reasons like poor electrostatic screen-
ing, carrier depletion and incorporation of charge traps 
during their synthesis [38–40]. From Fig. 6, it is clearly 
evident that with the fluence, the conductivity of the NWs 
increases up to a fluence of 5 × 1012 ions/cm2 and after that, 
a decrease was observed in the conductivity. Generation of 
current carrier and creation of intermediate energy states 
in forbidden energy band is a common process during the 
passage of energetic ion which brings about the decrease 
in the forbidden energy band gap [41]. This generation of 
charge carriers and reduction in the barrier height result 
in the increase in conductivity of the NWs. It is confirmed 

(7)J = �(R∕L)��
V2

L3

(8)J = �(R∕L)−2��
V2

L3
.

from the TRIM simulation that the energy imparted to the 
target material results in the ionization and atom displace-
ment. Ionization process leads to an increase in the amount 
of free charge carriers consequently enhancing the con-
ductivity. On the other hand, atom displacement gives rise 
to many defects in the material such as interstitial pairs, 
vacancies, point defects. The formation of defects is also 
supported by our observation of the reduction in the band 
gap of NWs, thus increasing the concentration of charge 
carriers. Apart from these, grain boundaries also play an 
important role in the conductivity of NWs. Grain bounda-
ries act as a potential barrier for the charge carriers. Tun-
neling of carriers through grain boundaries depends upon 
this potential barrier. In any case, an increment in the crys-
tallite size, as is clear from XRD analysis, brings about the 
reduction in grain boundaries because of which current 
carriers suffer a lesser amount of scattering contributing 
an increase in conductivity. Then again irradiation-induced 
defects and grain fragmentation rules at higher fluence 
(1 × 1013 particles/cm2) because of which a reduction in 
conductivity and crystallite size was observed [42, 43].

So, we can conclude that formation of intermediate 
states and generation of charge carriers dominates up to 
a fluence of 5 × 1012 ions/cm2 resulting in an increase in 
the conductivity and after that, a decrease in the conduc-
tivity arise due to irradiation induced defects and grain 
fragmentation.

3.5 � Impedance Analysis

Impedance spectra for different samples at room tempera-
ture were taken at 200 mV in the frequency range 20 Hz 
to 7 MHz. Impedance measurements consist of measur-
ing the voltage and current with phase angle by applying 
sinusoidal voltage around a steady state value. A graph 
between Z′ and frequency (Fig. 9) shows a variation of 
real impedance with frequency. A decrease in impedance 
for pristine nanowires was observed around 100 kHz and 
this decrease shifts towards higher frequency with fluence 
except for last two fluences. This reduction in the imped-
ance might be because of the high capacitive coupling at 
higher frequency [44]. It was observed that the value of 
frequency shifts toward higher frequency at which imped-
ance (Z′) start decreasing for the first four fluences, which 
shows a decrease in the impedance.

But for last fluence, this value shifts toward the lower 
frequency, showing an increase in impedance. These 
results are in close agreement with I–V characteristics of 
the wires. In the frequency region below 105 Hz, Z′ is 
independent of the frequency.

Fig. 8   Plots of current/voltage as a function of voltage for pristine 
and irradiated nanowires
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4 � Conclusion

The selenium nanowires of diameter 80 nm were irradi-
ated with 80 MeV Ni6+ at different fluence ranging from 
1 × 1011 to 1 × 1013 ions/cm2. A variation in peak intensity 
was clearly observed without any other significant change 
in structural properties. A decrease in the optical band 
gap was also observed due to the creation of localized/
intermediate states, which could be beneficial for their 
application in the opto-electronic field. An increase in the 
band gap seen at a higher fluence can be correlated to the 
induced grain fragmentation. SCLC model of transport is 
used to explain the electrical behavior. The electrical study 
demonstrates an increase in the conductivity at starting 
fluences (up to 5 × 1012 ions/cm2) that might be ascribed 
to the generation of charge carrier and increase in the crys-
tallite size. A reduction in the conductivity at last fluence 
may be due to irradiation induced defects and grain frag-
mentation. A variation in the impedance with frequency 
was observed at different fluence, which may be due to the 
change in resistivity on irradiation of nanowires. Hence 
the choice of optimum fluence and energy irradiation with 
Ni6+ ions enhances the electric and optical properties of 
the Se NWs.
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