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The modification in various properties of thin films using high energetic
ion beam is an exciting area of basic and applied research in
semiconductors. In the present investigations, cadmium selenide (CdSe)
thin films were deposited on ITO substrate using electrodeposition
technique. To study the swift heavy ion (SHI) induced effects, the
deposited thin films were irradiated with 120 MeV heavy Ag’"ions using
pelletron accelerator facility at [UAC, New Delhi, India. Structural phase
transformation in CdSe thin film from metastable cubic phase to stable
hexagonal phase was observed after irradiation leading to decrease in the
band gap from 2.47 eV to 2.12 eV. The phase transformation was
analyzed through X-ray diffraction patterns. During SHI irradiation,
Generation of high temperature and pressure by thermal spike along the
trajectory of incident ions in the thin films might be responsible for
modification in the properties of thin films.
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1. INTRODUCTION

CdSe is a wide and direct band gap semiconductor
belonging to I1I-VI group of semiconductors.!"! Selenium
based semiconductors have many disadvantages like short
life time and low photosensitivity. To overcome these
disadvantages, different combination of materials may be
used. The adding of group II materials to Se (VI) has
developed considerable interest because of their wide
potential applications in thermoelectric, optoelectronics, and
memory based devices.”™ Thin films of CdSe have better
carrier mobility as compared to Si films and can be used in
solar cells as an absorber layer.”® Various techniques like
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physical vapor deposition,” thermal evaporation,® chemical
vapor deposition,” dip coating,'” sputtering,"" and electro-
deposition!'” etc. have been used for depositing thin films.
But among them electro deposition is one of the simplest and
low-cost technique for the deposition of thin films as
compared to others. In this technique, the deposition rate can
be easily controlled by changing various parameters like
applied voltage, time of deposition, pH of the electrolyte,
solution concentration etc.*'*!

Modification in the properties of thin films by swift heavy
ion (SHI) irradiation, y-rays and high energy particles
(electron, proton) has gained much attention in recent years.
The irradiation of materials with high energetic ions leads to
the creation of a wide variety of defects within the materials.
These defects may generate energy levels in the band gap
which alters the structural, electrical transport and optical
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properties of the materials. These effects of irradiation
strongly depend upon energy, mass and fluence of the
incident ion. The irradiation may cause ionization or
excitation and hence possibly lead to the displacement of
atoms from their lattice sites in the materials. SHI is very
useful for the modification in the properties of the thin films,
foil and surface of bulk solids. The high energetic ions
penetrate deep into the materials and produce a long and
narrow disorder zone along their path. When a swift heavy
ion penetrates into a solid, it is slowed down via two
processes: (i) direct transfer of energy to target atoms through
elastic collisions (Nuclear Energy Loss, S,) and (ii) electronic
excitation and ionization of target atoms through inelastic
collisions (Electronic Energy Loss, S.). The S, induced
process dominates where ions possess energies in the range
of 10-100 keV and leads to the creation of atomic size point-
defects and cluster of defects. The S. induced process
dominates in the higher energy region (10-100 MeV), where
the velocity of the incident ion is comparable to Bohr
velocity of the valence electrons. The incident ions make
inelastic collisions with the atoms of the material and the
atoms get excited or ionized. If the thickness of the target is
sufficiently smaller than the range of the projectile ions, then
the energy deposition is mainly due to electronic energy loss.
This energy deposition leads to the production of defects and
heat in the material thereby resulting in the processes like
crystallization, amorphization and phase transformation in
the target material.">"”' Swift heavy ion (SHI) irradiation is a
unique tool offering several possibilities to synthesize or
modify the materials in a controlled way with great
precision (through ion dose), spatial selectivity (either by
focusing or by using high energies) and depth (through
energy). A variety of structural modifications such as
structural phase transition, creation of point defects, defect
clusters, crystallization, and amorphization may appear
during irradiation using SHI owing to the electronic
excitation within a narrow disorder zone."**" In order to
explain the SHI induced structural phase transformation in
nanocrystalline thin film, it is necessary to understand the
interaction process of SHI with materials. As the electronic
energy loss (S.) process dominates at higher ion energies, so
the modification is expected only due to the energy
transferred to electrons of the target system during passage
of the energetic ions. There are two models which explain
the effect of electronic energy loss in materials viz. coulomb
explosion model and thermal spike model."”*"*! SHI
irradiation leads to the formation of cylindrical zone of dense
electronic excitation/ionization along the ion trajectory.*”
During electronic excitation, ions transfer most of their
energy to the electronic system of target and then to the
lattice via electron-phonon interactions. This transferred
energy is so high that the lattice system melts within a
fraction of a second (107 s), known as thermal spike. It may

happen that with high temperature occurring during thermal
spike, generation of high pressure, known as pressure spike
also takes place.”" Generation of high temperature and
pressure during MeV ion irradiation along the ion trajectory
in the films is responsible for the structural phase
transformation. There are only a few reports in the literature
which explains the structural phase transformation in thin
films by SHI irradiation. The structural phase transformation
from wurtzite (W) hexagonal phase to zinc-blende (ZB)
cubic phase observed in ZnS nanocrystalline thin films by
swift heavy Ni ion (150 MeV) irradiation.” 100 MeV Ag
ions induced structural changes from metastable cubic to
hexagonal phase in CdS thin film and metastable hexagonal
phase to stable cubic phase in CdTe thin film was also
reported.""™'” In the present work, the effects of Swift heavy
Ag”" ion of energy 120 MeV on the CdSe thin film of
thickness 110 nm have been studied. Normally, CdSe exists
in two crystalline forms: stable hexagonal (wurtzite) phase
and the metastable cubic (sphalerite) phase. The CdSe thin
films prepared by electrodeposition are normally found to be
either in the metastable cubic phase or as a mixture of cubic
and hexagonal phases. Transition from metastable cubic to
stable hexagonal phase in CdSe thin films by thermal
annealing has also been reported in literature.”* But to the
best of our knowledge, no work has been reported on swift
heavy Ag’ ion (120 Mev) irradiation induced structural
phase transformation in electrodeposited CdSe thin film of
thickness 110 nm. The present work reports the SHI induced
phase transformation and hence modification in the
structural, morphological and luminescence properties of
CdSe thin film. The present study may prove to be beneficial
for the utilization of semiconducting nanostructures in the
future nanoscale devices and opens up new avenues for
research to modulate opto-electronic properties of CdSe thin
films for the better device applications.

2. EXPERIMENTAL PROCEDURE

2.1 Synthesis of CdSe thin films

Thin films of cadmium selenide (CdSe) were electro-
deposited potentiostatically on indium tin oxide (ITO) coated
glass substrates. The electro-deposition was done by using
SP-240 potentiostat employing a conventional three electrode
set-up. The electrochemical cell consisted of Ag/AgCl
electrode as the reference electrode; an indium tin oxide
(ITO) coated glass substrates with sheet resistance of
10 ohms/sq as the working electrode and platinum wire
(Iength-5.7 cm, diameter-0.5 mm) as the counter electrode.
For the deposition, aqueous solutions containing 0.2 M
3CdS0O,-8H,0 and 0.25 mM SeO, were used. The electrolyte
was constantly stirred by using Teflon coated magnetic
paddle to dissolve the precursors completely in de-ionized
water. The pH of the electrolyte was adjusted between 2 and
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3 by using concentrated H,SO.. The total volume of
electrolyte taken was 50 mL at room temperature. Before
deposition, the ITO substrates were ultrasonically cleaned
with distilled water and acetone successively. For electro
deposition, the potential was set at —0.75 V and time of
deposition was 10 minutes. After deposition, the CdSe thin
film on ITO substrate was taken out from the electrolyte and
rinsed with de-ionized water to remove loosely bound
precipitates. The sample was thereafter dried in air at 100 °C
for 15 minutes. Thickness of the deposited CdSe thin film
obtained was 110 nm, estimated using stylus profilometer.

2.2 Growth Kkinetics

Deposition of CdSe thin film occurs when the ionic
product of Cd*" and Se*" ions exceeds the solubility product
of CdSe. Growth mechanism of CdSe thin film on ITO
substrate may be understood with chemical reactions as
follows,

3CdS0,-8H-0 + H,O — 3Cd* + 35S0, + 9H.O
SeO,+ H,O — H,SeOs

On reduction of H,SeO;,
H,SeO; + 4H + 6 —» Se2'+ 3H,O

And formation of CdSe takes place according to chemical
reaction'””

Cd* + Se” — CdSe

2.3 Swift heavy ions irradiation

The as-deposited thin films of CdSe were irradiated with
120 MeV, Ag”" ions using 15 UD Pelletron accelerators at
IUAC, New Delhi, India. The films were irradiated in a high
vacuum (~10"° mbar) chamber at normal incidence to the
sample surface. The ion beam was raster scanned by a
magnetic scanner on the sample surface to maintain the
constant ion flux throughout the sample surface. The area of
irradiated thin film sample was 1 cm”. The samples were
irradiated at different fluences of 3 x 10", 3 x 10" and
3 x 10" ions/cm”. The energy regime for SHI irradiation was
selected after simulation using Stopping and Range of Ions
in Matter (SRIM) code. For the chosen ion energy of
120 MeV, the lateral straggling was 1.27 um and longitudinal
straggling was 0.99 um with penetration depth 13.43 pm.
This value of penetration depth was greater than the
thickness (110 nm) of the CdSe thin film. The energy of the
Ag’ beams (120 MeV) was selected with a view to avoid
ion implantation in CdSe thin films.

2.4 Characterization
The morphological, structural, and electrical properties of
pristine and irradiated thin films were characterized by using
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a scanning electron microscope (JEOL/EO JSM-6390), X-
ray diffractometer (Rigaku MiniFlexII) and four probe set up
employing with it, a programmable current and voltage
source meter (Keithley-2400) respectively. XRD spectra
were recorded using CuK, radiation (A = 1.5406 A) at 30 kV
and 15 mA with a scanning rate of 2 min” for 20 values
ranging from 20 ° to 80 °. For studying optical properties,
absorption spectra were recorded using UV-visible double
beam 550 Spectrophotometer (Camspec) in the spectral
range 200-900 nm at room temperature. Photoluminescence
analysis of prepared samples was carried out on SHIMADZU,
a RF-530 Spectro fluorophotometer in the range 200-
900 nm. The surface roughness of the films was measured
using Atomic Force Microscope (AFM) while the chemical
composition of the films was analyzed using the standard
energy dispersive analysis of X-ray (EDX).

3. RESULTS AND DISCUSSION

3.1 Structural analysis

X-ray diffraction pattern of as-deposited and Ag’" ions
irradiated CdSe thin films exposed to different fluences
(3 x10" to 3 x 10" ions/cm®) are shown in Fig. 1. XRD
pattern revealed that as-deposited CdSe thin films are of
polycrystalline nature and are found to have mixed phase of
CdSe (both cubic and hexagonal). Peaks were indexed to
JCPDS cards 65-2891 and 77-2307 for cubic CdSe and
hexagonal CdSe. Apart from mixed phases of CdSe thin film
obtained, a separate peak at 26 = 38.3 ° (JCPDS files no. 02-
0677) was also observed corresponding to selenium. During
irradiation with swift heavy Ag’" ions, two competing
processes occured simultaneously; (1) the generation of
vacancies, agglomeration of vacancies and then collapsing
into dislocation loops (2) their annihilation at possible sinks
with increasing ions fluences.”

Hence, after Ag’ ions irradiation, observed XRD pattern
showed that the metastable cubic phase gets transformed
into a stable hexagonal phase with the changing ion fluence.
The peak at 260 =61.2 ° that was exclusively due to cubic
phase of CdSe decreased with increasing fluences and
disappeared completely at of fluence 3 x 10" ions/cm® and
simultaneously a new peak at 20 =64 ° corresponding to
hexagonal phase appeared after irrariation in the XRD
pattern of CdSe thin film. These observations suggest that
mixed phase have transformed to a stable hexagonal phase
due to irradiation induced annealing. A number of investigators
have reported similar transition from cubic to hexagonal
phase on annealing.”*" The intensity of Se peak at 20 =
38.3 ° was found to increase with fluence due to increase in
temperature during irradiation. Similar effect has also been
reported.’” The grain size was calculated using Debye-
Scherrer’s formula,”*”

Electron. Mater. Lett. Vol. 13, No. 4 (2017)
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Fig. 1. The XRD patterns of pristine and Ag’* ions irradiated CdSe thin films at fluencies 3 x 10", 3 x 10> and 3 x 10" ions/cm’.

Table 1. Structural parameters of pristine and irradiated CdSe thin film at different fluences.

Fluence FWHM of (213) FWHM of (103) ( 4;:2\);/ (l;[ ](\;[O(Z)EH Av. Grain Size D Av. Micro Strain
(ions/cm? (deg) (deg) ( dég) (nm) (107 1inm™)

Pristine 0.836 0.774 0.877 10.14 421

3 x 10" 0.551 0.547 0.673 12.21 4.19

3x10" 0.507 0.564 0.601 14.14 2.79

3x10" 0.456 0.502 0.587 19.76 1.85

D = (0.94)/(Bcos)

where D is mean grain (crystallite) size, § is full width at half
maxima (FWHM) of the peak intensity, 0 is the diffraction
angle and A is the wavelength of X-ray radiation.The calcu-
lated grain size was found to increase from 10.14 nm to
19.76 nm with increase in ion fluence as listed in Table 1.
The possible structural modification by irradiation may be
due to the energy deposition in the films by energetic Ag’*
ions. The imparted energy of incoming ions to the host sam-

ple release the strain energy in the films and results in further
improvement of the crystalline quality of CdSe thin film.
Similar results have been reported in literature for ZnO thin
films and also for bare and coated ZnS quantum dots by SHI
irradiation.’***! The summary of XRD data and calculated
structural parameters of pristine and irradiated CdSe thin
films with different fluences are presented in Table 1. The
variation of FWHM of different planes with increase in ion
fluence is shown in Fig. 2.

The micro strain (g) in the thin film is the disarrangement

Electron. Mater. Lett. Vol. 13, No. 4 (2017)
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Fig. 2. Variation of FWHM of different planes with Ag’" ions fluen-
cies ;3 x 10", 3 x 10" and 3 x 10" ions/cm®.

of lattice created during deposition process and is calculated
by using the relation,””!

€= (PBcosb)/4

The strain decreased from 4.21 to 1.85 with ion fluence as
listed in Table 1. It may be attributed to the lattice vibrations
that are induced by the incident ion energy in single tracks
which may help in the reorientation of some regions and
hence minimize the interfacial energy between grains.”" The
variation of grain size and micro strain with ion fluence is
shown in Fig. 3.
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Fig. 3. Variation of average grain size and micro strain with Ag** ions
fluences at 3 x 10", 3 x 10" and 3 x 10" ions/cm’.

3.2 Morphological and compositional analysis

Surface morphology of as-deposited and SHI irradiated
CdSe thin films were investigated by using SEM (Fig. 4).
SEM images of irradiated samples revealed that the
smoothness and uniformity of thin films increased upto
fluence 3 x 10" ions/cm®. When the fluence was further
increased to 3 x 10" ions/cm’, coalescence between grains
may have occurred due to rise in temperature. The
composition of pristine CdSe thin film was analyzed using
EDX (Fig. 5). The average weight percentage of Cd: Se is
found to be 34:66, which shows the Se rich CdSe thin film

(d) 3x10*

20kV  X10,000 1pm 26 33 SEI

Fig. 4. SEM images of (a) pristine CdSe thin film (b) Ag’"ion irradiated CdSe thin film with fluences 3 x 10", (c) 3 x 10" and (d) 3 x 10" jons/cm®.
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Fig. 5. EDX analysis of pristine CdSe thin film.

due to highly reactive nature of Se ions as compared to Cd
ions (also confirmed by XRD due to separate formation of
Se plane). Rest of the peaks in EDX is due to ITO coated
glass substrate.

Element Weight (%)
Se L 66.24
CdL 33.76

The surface morphology of pristine and irradiated CdSe
thin films was also studied using AFM (Fig. 6). Information
from AFM images is usually quantified in terms of average
roughness (R.) and rms roughness (R,). R, represents mean
value of the surface height with respect to a centre plane
whereas R, is the standard deviation of the surface height
within the given area.

The 2D AFM images of as deposited film has cubical
grain shapes. Under the effect of irradiation, the surface
roughness was found to decrease as the fluence increases
from 3 x 10" to 3 x 10'* ions/cm”. The decrease in surface
roughness with ion fluence suggests the existence of a
surface smoothening process. When the fluence is further
increased to 3 x 10" ijons/cm?, an increase in surface
roughness is observed (Table 2), which is in good agreement
with SEM results. The observed smoothening of the surface
with initial fluence and subsequent roughening at higher
fluences was explained on the basis of positive heat mixing
of the elements which prevents inter- diffusion across the
interface during the thermal spike.

For the film irradiated at a fluence of 3 x 10" and 3 x 10"
ions/cm’, the dominant surface transport mechanism is

Fig. 6. AFM images of (a) as-deposited CdSe thin film (b) irradiated with Ag’* ion fluence 3 x 10" ions/cm® (c) 3 x 10'* ions/cm? and

(d) 3 x 10" ion/cm’.

Electron. Mater. Lett. Vol. 13, No. 4 (2017)
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Table 2. Surface roughness of pristine and Ag®" irradiated CdSe thin
film with different fluence.

Fluence R.M.S roughness, Avg. roughness,
(ions/cm?) R, (nm) R, (nm)

Pristine 38.1 26.0

3x10" 324 24.7

3x 10" 17.6 10.7

3x 10" 27.8 18.9

evaporation-condensation which explains the surface
smoothening observed at these fluences. However, as the
fluence was increased to 3 x 10" ions/cm’ the dominant
mechanism becomes volume diffusion. Thus the roughening
was observed in the films at high fluences due to thermal
spike. Similar effects also observed in Ag” ion irradiated
Co-Fe-Si thin films.”*!

3.3 Optical analysis

The optical properties of the as deposited and irradiated
CdSe thin films were examined by UV-visible double beam
550 Spectrophotometer (Camspec) in the spectral range 200-
900 nm at room temperature. The optical energy band gap
(E,) of as-deposited and Ag’" ion irradiated CdSe thin film
was determined with the help of well-known relation of
Tauc,m]

chv = A (hv - Ep)"

where ‘A’ is a constant, ‘e’ is absorption coefficient and
value of ‘m’ decides the type of transition. Value of ‘m” is 1/
2,2, 3 and 3/2 for direct allowed, indirect allowed, indirect
forbidden and direct forbidden transitions respectively. The
present system obeys the rule of direct transition i.e. m = %.
The bandgap of pristine and irradiated samples is determined
using Tauc’s plot of (ahv)® versus (hv) (Fig. 7).

The bandgap of CdSe thin films decreased in steps of
247eV, 237 eV, 2.29 eV and 2.12 eV with increasing ion
fluence 3 x 10" jons/cm” (Ag-1), 3 x 10" ions/cm” (Ag-2)
and 3 x 10" ions/cm” (Ag-3). The high energy irradiation
induced lattice damage creates defect energy levels below
the conduction band and hence band gap decreases.™™ Also,
the lattice damage is proportional to irradiation fluence and
hence due to the band tailing effect band gap decreases
continuously with increase in ion fluence.””

Photoluminescence (PL) spectra of as-deposited and
irradiated CdSe thin films were obtained from SHIMADZU,
a RF-530 Spectro fluorophotometer in the range 350-
650 nm. A typical PL spectrum is a sensitive and powerful
technique for the study of defects in thin films. The PL
spectrum of as-deposited CdSe thin film shows a strong
emission band centered at 606 nm (Fig. 8). The excitation
wavelength taken was 400 nm. The PL Intensity is directly
related to defect concentrations as the concentration of

R. Choudhary et al.
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Fig. 7. The tauc-plot of pristine and Ag’" ion irradiated CdSe thin
film with fluence, Ag-1 (3x10"), Ag-2 (3x10%) and Ag-3
3 x 10%).
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Fig. 8. PL spectrum of (a) as-deposited, and irradiated CdSe thin film
with Ag’" ion of fluence (b) 3 x 10", (¢) 3 x 10" and (d) 3 x 10"
ions/cm’.

defects is increases at higher fluencies, the PL intensity also
increases. In our case, at low Ag”* ions fluence 3 x 10" jons/
cm’, the formation of exciton take place which may be
trapped by the defects. Hence, when CdSe thin film was
initially irradiated with Ag”* ions fluence 3 x 10" ions/cm’,
the PL peak intensity decreases compare to pristine case.
Similar results for 40 MeV Li* ions irradiated Tris-(8-
hydroxyquinoline) aluminum (Alqgs) thin films were also
reported.”*” When CdSe thin film was further irradiated with
higher Ag’" ion fluence from 3 x 10"*to 3 x 10" ions/cm?, an
increase in the PL peak intensity was observed (Fig. 8). The
increasing trend observed in PL intensity might be due to
increase in defect concentration caused by Ag’ ion
irradiation.”*"! The shift of peak towards higher wavelength

Electron. Mater. Lett. Vol. 13, No. 4 (2017)
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Fig. 9. The current-voltage characteristics of as-deposited and Ag’*
ion irradiated CdSe thin film with different fluences.

Table 3. The electrical resistivity of pristine and irradiated Ag’" ion
CdSe thin films.

S No. I(?n ﬂuense Electrical resistivity
(ions/cm”) (Q-cm)
1 Pristine 28.26
2. Ag-1 (3 x 10" 25.12
3. Ag-2 (3 x 10" 21.35
4 Ag-3 (3 x10") 20.34

side (about 0.2 nm) also shows decrease in the optical band
gap with fluence, which is in good agreement with the Tauc-
plot.

3.4 Electrical analysis

The current-voltage characteristics of as-deposited and
Ag’" ion irradiated CdSe thin film by four probe method are
shown in Fig. 9. The electrical resistivity (p) of thin film was
calculated using relation,*?

p=2ms (V/])

where ‘s’ is the distance between probes and having value 1
mm. The calculated values of resistivity for as-deposited and
irradiated CdSe thin films are listed in Table 3.

The observed I-V characteristic at all fluences suggests the
semiconducting nature of CdSe thin films. Electrical
resistivity calculated, was found to decrease with increase in
fluence. The increase in grain size from 10.14 nm to
19.76 nm with ion fluence in thin films may result with
significant resistivity decrease due to reduction in grain
boundary scattering.*”

4. CONCLUSIONS

Following conclusions can be drawn from the present
investigations:

1. CdSe thin films of thickness 110 nm were electro-
deposited on ITO glass substrate and subsequently irradiated
with 120 MeV Ag’* SHI at fluencies ranging from 3 x 10"
to 3 x 10" ions/cm’.

2. XRD analysis confirmed the structural phase trans-
formation from mixed phase to stable hexagonal phase with
increase in crystallinity.

3. The phenomenon of phase transformation may be
attributed to the creation of high pressure and temperature by
thermal spike during passage of 120 MeV Ag’ ion beam
through CdSe thin film.

4. The AFM and SEM studies revealed decrease in film
roughness upto fluence 3 x 10" ions/cm’ and thereafter the
roughness increased at higher fluences due to thermal spike.

5. The optical band gap of the samples was found to
decrease from 2.47 to 2.12 eV with fluence due to the
structural transformations.

6. Photoluminescence analysis revealed an improvement
in optical characteristics due increase in concentration of
defects at high ion fluencies.

The Structural analysis confirmed the phase transformation
from mixed phase to hexagonal phase due to thermal spike
resulting in increase of roughness as indicated by SEM/
AFM images. Due to structural transformation decrease in
band gap was observed resulting decrease in resistivity as
revealed by electrical properties. Hence, we conclude that
changes in properties are correlated with each other.
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