
ESI-1: The lattice parameter a and c; interplanar spacing (d100, d002, and d101); unit cell volume 
(V); u (length of the bond parallel to the c axis, in units of c); bond distance (R) and bond 
angles (  calculated from XRD data:𝑂𝑎–𝑍𝑛–𝑂𝑏 𝑎𝑛𝑑 𝑂𝑏–𝑍𝑛–𝑂𝑏 )

SampleParameters 

Co0 Co0 (5×1012) Co2 Co2 (5×1012)

a (Å) 3.2416 3.2575 3.2467 3.2463

c (Å) 5.1959 5.2179 5.2008 5.2002

c/a 1.6021 1.6018 1.6019 1.6019

d100 (Å) 2.8074 2.8211 2.8096 2.8193

d002 (Å) 2.5980 2.6090 2.5998 2.6069

d101 (Å) 2.4705 2.4814 2.4727 2.4802

V (Å3) 47.2834 47.9503 47.4777 47.4609

u 0.3799 0.3799 0.3799 0.3799

 (Å)
𝑅𝑍𝑛–𝑂𝑎

1.9752 1.9824 1.9758 1.9756

(Å)
𝑅𝑍𝑛–𝑂𝑏

1.9753 1.9824 1.9758 1.9756

 𝑂𝑎–𝑍𝑛–𝑂𝑏 (°) 108.4373 108.4269 108.4290 108.4293

𝑂𝑏–𝑍𝑛–𝑂𝑏 (°) 110.4850 110.4951 110.4931 110.4928
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ESI-2: The liner fit (dβCosθ/λ)2 vs.  (d2βCosθ/λ2) plot of the samples to estimate crystallite size 

and strain.
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ESI-3: Intensity ratios of some of the Raman modes:

(𝐸2𝐻 ‒ 𝐸2𝐿

𝐸2𝐻
) (𝐴1(𝐿𝑂)

𝐸2𝐻
)Sample

Pristine Irradiated Pristine Irradiated

(𝐸2𝐻 ‒ 𝐸2𝐿)𝐼

(𝐸2𝐻 ‒ 𝐸2𝐿)𝑃

(𝐸2𝐻)𝐼

(𝐸2𝐻)𝑃

(𝐴1 (𝐿𝑂))𝐼

(𝐴1 (𝐿𝑂))𝑃

ZnO 0.130 0.277 0.175 2.642 0.226 0.106 1.599

Zn0.98Co0.02O 0.203 0.226 0.268 0.727 0.932 0.836 2.270



ESI-4:. Different Vibrational Modes of FTIR study:

                    

ZnO Zn0.98Co0.02O
Pristine     

Co0
Irradiated

Co0 (5×1012)
Pristine   

Co2          
Irradiated Co2 

(5×1012)

Modes (cm-1)

475 475 467 480 Zn-O bond
(teradehral)

670 665 672 668 Zn-O bond
(octahedral)

---- 805 ---- 802 Co-O bond
874 864 873 865 Citrate precursor

---- 1050 ---- 1050 Co-O bond

---- 1260 ---- 1260 Co-O bond
1385 1380 1385 1385 Asymmetric stretching

of C=C in citrate
1632 1625 1595 1632 Stretching mode of –OH
2345 2345 2345 2342 CO2 molecules in air
2852 2856 2832 2832 C-H bond bending
2927 2922 2927 2924 C-H bond stretching
---- 2964 ---- 2964 Co-O bond

3458 3480 3461 3472 O-H bond
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Abstract 
In the present study, the structural, morphological, and optical properties of Co-doped 

ZnO nanoparticles (NPs) prepared by sol-gel method before and after dense electronic 

excitations caused by swift heavy ion irradiation have been reported.  The pristine and ZnO:Co 

NPs were irradiated by using 200 MeV Ag15+ ion beam at fluence of 5×1012 ions/cm2. Structural 

characterization has been performed by using X-ray diffraction (XRD) with Rietveld refinement. 

It shows that the samples are of single phase; grain size and tensile strain has been increased in 

the ion-irradiated samples. Room temperature Raman spectroscopy measurements show that 

microscopic structural disorders reduce the translational symmetry giving rise to local distortions 

in the lattice. Atomic force microscopic (AFM) studies show prominent grain boundaries and 

suggest that roughness of the irradiated surfaces increases strongly compared to their pristine 

counterparts. Optical absorption and photoluminescence (PL) studies also reflect the dopant 

incorporation and swift heavy ion (SHI) irradiation effect on the nanoparticles. UV-Vis 

absorption measurement has been utilized to estimate the optical bandgap of pristine and 

irradiated ZnO and Co-doped ZnO nanoparticles. Enhancement in the PL intensity has been 

observed in the irradiated samples with respect to pristine counterparts which can be explained 

on the basis of the increase of different defect states and Zn–O bonds on the surfaces of the 

irradiated nanoparticles arising from surface modification. Grain boundaries have played an 

important role in the optical properties (absorption and PL).

PACS No: 61.05.Cp, 73.63.Bd, 74.25.nd, 78.30.-J, 78.40.-q



Keywords: Sol-gel; Ion irradiation; ZnO nanoparticles; Structural properties; Raman study; 
Optical properties.
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Introduction 
Diluted magnetic semiconductors (DMSs)1 are compounds in which a very small fraction 

of non-magnetic ions is replaced by magnetic ions (typically transition metal (TM) ions such as 

Fe, Mn, Co etc. and rare earth metal ions). In DMSs magnetic ions are randomly distributed and 

show typical semiconductor behaviour as well as pronounced magnetic properties. The most 

important feature of DMSs are the co-existence and interaction of two different electronic 

subsystems namely delocalized conduction band (s-type) and valence band (p-type) electrons 

and localized (d- or f-type) electrons of magnetic ions1. The applicability of DMSs has been 

limited due to the very low value of Curie temperature (Tc~170 K). The realization of DMSs 

having Curie temperature above the room temperature will potentially lead to a new generation 

of spintronics devices with revolutionary electrical and optical properties.

Theoretical calculations, based on Zener model of magnetism with holes mediated 

exchange interaction, predicted the possibility of room temperature ferromagnetism in TM doped 

ZnO (II–VI) and GaN (III–V) or more generally in wide band gap semiconductors2. In the past 

decades, ZnO-based DMSs1  are considered to be one of the most promising materials for 

ultraviolet LEDs3, laser diodes, spintronics and many other spin-based devices4,5  because of its 

large band gap (3.36 eV) and high exciton binding energy (60 meV). ZnO is an optically 

transparent II–VI semiconductor and well-known piezoelectric and electro-optic material having 

hexagonal wurtzite structure with C4
6v (P63mc) space group. Studies of different physical 

properties (such as structural, optical, magnetic properties etc.) based on different TM (such as 

Cr, Mn, Fe, Co etc.) doped ZnO have been explored by various researchers.6-11 Doping of 

semiconductor with TM elements offers a practicable means of tuning the optical properties as 

well as the ferromagnetism. Sharma et al.9  demonstrated that 1% Fe doped ZnO samples show 

diamagnetic character, while weak ferromagnetic nature is observed for 2, 3 and 4% Fe doped 

ZnO. Kim et al.10 have shown room temperature ferromagnetism (RTFM) in Zn1−xCoxO thin film 

and suggested that this RTFM was resulted from the impurity in form of Co clusters. The 
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intrinsic ferromagnetism has been observed by Zhang et al.11 in Co-doped ZnO nanoparticles. 

Though, ferromagnetism in DMSs is a burning topic to be resolved, structural and optical 

properties are also very important properties for device applications. 

On the other hand, ion beam irradiation is one of the important techniques that are being 

used effectively to create a wide variety of defect states in the materials which induce change in 

their structural, optical, and many other properties12-14. These changes are strongly dependent on 

the mass of the incident ions, irradiation energy loss mechanism of the system and fluence. In 

this technique ions with energy in the range of keV to a few MeV collide with the target. When a 

swift heavy ion (SHI) penetrates a solid, it becomes slow via two processes either direct transfer 

of energy to the target atoms through elastic collision or electronic excitation and ionization of 

target atoms by the inelastic collision15,16. The latter one is more dominant in the case of SHI. 

The energy transfer is mainly due to electronic energy loss if and when the thickness of the 

targeted medium is much smaller than the range of the projectile ion. This dense electronic 

excitations transfer electronic energy and leads to the creation of defects7 and generation of heat 

in the material14,17. Defects induced by SHI irradiation in DMSs definitely will show some 

interesting physical properties be studied.

In the present work, we have focused to investigate the effect of 200 MeV Ag15+ ion 

irradiation on the structural and optical properties (such as optical band gap and 

photoluminescence) of the undoped and Co-doped ZnO samples. For studies of structural, 

morphological and optical properties XRD, FTIR, Raman spectroscopy, AFM, UV-Vis and PL 

spectroscopy have been employed. 

Experimental details
Synthesis of nanoparticles

 All the reactants and solvents were analytical grade. Samples of Zn1-xCoxO (x=0 and 

0.02) (named as Co0 and Co2 respectively) were synthesized by using the sol-gel method. 

Appropriate proportions of metal nitrates Zn(NO3)2·6H2O (99.9% purity) and Co(NO3)2.4H2O 

(99.9% purity) powders were thoroughly mixed and dissolved in double distilled water. The 

prepared solution of metal nitrates was poured in aqueous solution of citric acid [C6H8O7] 

(99.5% purity) while stirring to obtain a homogeneous precursor solution. Citric acid was served 

as fuel for the reaction. The precursor solution was dried at 80 C for 3 hrs to obtain xerogel and 



the swelled xerogel was kept at 130 C for 12 hrs to complete drying. After grinding, the xerogel 

powders were sintered at 600 C for 10 hrs under air atmosphere to get Zn1-xCoxO NPs.  

Irradiation experiment

Ion beam irradiation experiments were performed by using 15UD Tandem Pelletron 

Accelerator at Inter University Accelerator Centre, New Delhi (India) to study the effect of 

irradiation on structural and optical properties of the samples. The samples were irradiated in the 

Materials Science beam line chamber under a high vacuum (pressure of ~10-6 mbar) using 200 

MeV Ag15+ ion beams with a beam current of ~1 pnA (i.e. particle-nanoampere). The ion-beam 

fluence was measured by integrating the ion charge on the sample ladder, which was insulated 

from the chamber. The samples were irradiated with the fluence of 5×1012 ions/cm2 at room 

temperature. A beam of uniform irradiation covers the entire sample surface. Irradiated Zn1-

xCoxO samples were named as Co0 (5×1012) and Co2 (5×1012) for x=0 and x=0.02 corresponding 

to the pristine samples Co0 and Co2 respectively.

Characterizations
The study of phase purity of pristine and irradiated Zn1-xCoxO (x=0, 0.02) samples was 

performed by X-ray diffractometer (Model: Miniflex-II, Rigaku, Japan) with Cu Kα radiation (λ 

= 1.5406 Å) operating at 40 kV and 30 mA. Raman spectra were taken in the range of 200–1250 

cm-1 with a Renishaw micro-Raman spectroscope using 514.5 nm Ar+ laser as excitation source. 

Pellets of the samples have been taken for the Raman spectroscopy measurement. Surface 

morphology was studied using an atomic force microscope (AFM, Digital Instruments 

Nanoscope IIIa) in the tapping mode. Fourier transmission infrared (FT-IR) spectra of the 

samples (as pellets in KBr) were recorded using FT-IR Spectrometer (Spectrum One, Perkin 

Elmer Instrument, USA) in the range of 4000-400 cm-1. The optical absorption spectra were 

measured in the range of 300-800 nm by using UV-Vis spectrometer (Perkin Elmer Instrument, 

Lamda-25, USA). The PL spectra were taken by a Fluorescence Spectrometer (LS-45, Perkin 

Elmer, USA).

Results and discussion



X-ray diffraction studies

For the structural informations and phase identification, pristine and 200 MeV Ag15+ ion 

irradiated NPs of undoped and Co-doped ZnO have been studied by X-ray diffraction (XRD) 

pattern. The Rietveld refinement of XRD patterns of pristine and irradiated undoped-ZnO 

samples are shown in Fig. 1(a) while those of Co-doped ZnO samples are shown in Fig. 1(b). 

The Rietveld refinement of XRD data shows that Co-doping does not lead to the appearance or 

disappearance of any of the wurtzite peaks which confirms that all the samples remain in 

hexagonal wurtzite structure belonging to the C4
6v space group (P63mc) (file No. 186). All XRD 

peaks have been indexed using the standard JCPDS file (No: 36-1451 shown for ready reference) 

for ZnO. The open circles correspond to the experimental data points and the solid line through 

the circles is the results of the Rietveld analysis. The vertical ticks below the curve of Fig. 1(a) 

and (b) indicate the expected peak positions for the wurtzite phase while the line below the 

vertical ticks shows the difference pattern of experimental data and calculated profile. All strong 

peaks have small shift towards lower angle for the Co-doped pristine ZnO compared to undoped 

pristine ZnO. It may be due to the incorporation of dopant ions (Co ions) into the lattice of the 

host material18,19  and strain developed in the lattice. Broadening of the XRD peaks is decreased 

with Co-doping which may be due to increase of grain size.20 All the strong peaks in the XRD 

pattern for the irradiated samples have been shifted towards lower angle with respect to its 

corresponding pristine samples. The values of inter-planner spacing (d-value) calculated from 

XRD data for (100), (002) and (101) planes show that d-value increases due to SHI irradiation. 

This observation can be explained on the basis of distortion of the tetrahedron. The distortion of 

the tetrahedron, arising from the variation of bond lengths and bond angles between atoms, 

develops the lattice strain.20,21 According to Bragg’s law, the Bragg angle should either decrease 

or increase if the spacing of the crystallographic planes changes. Hence, the tensile stress 

increases the d-spacing which causes a shifting of peak towards lower 2θ values whereas 

compression stress decreases the d-spacing which results the shifting of peaks towards higher 2θ 

values in the XRD pattern. Lattice parameters ‘a’ and ‘c’ and inter-planner spacing of different 

planes have been estimated with the help of Rietveld refinement analysis. Values of different 

bond angles and bond lengths have been calculated following Morkoç and Özgür22,23 [see 

electronic supporting informations (ESI)-1].



The crystallite size, D, of the samples are estimated from XRD line width of (101) peak 

by using Scherrer’s equation:24,25 

                                                                                                (1)
𝐷 =

0.9𝜆
𝛽ℎ𝑘𝑙 𝐶𝑜𝑠𝜃

where,  λ is the wavelength of radiation used (λ = 1.5406 Å), θ the Bragg angle and  𝛽ℎ𝑘𝑙

is the full width (instrumental corrected breadth of the reflection located at 2θ) at half maxima 

(FWHM) given by21:

𝛽ℎ𝑘𝑙 = [𝛽 2
ℎ𝑘𝑙 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ‒ 𝛽 2

𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡𝑎𝑙 ]1 2

It should be pointed out that XRD peaks are symmetric in shape and can be well fitted by the 

pseudo Voigt and Gaussian functions which have shown in the inset of Fig. 1(a) and 1(b) for 

(101) plane of the corresponding samples.

A better estimation of the average crystallite size and strain parameters have been 

achieved from ‘size-strain plot’ (SSP)26 by using the following equation:

                                                      (2)
(𝑑ℎ𝑘𝑙𝛽ℎ𝑘𝑙𝐶𝑜𝑠𝜃

𝜆 )2 =  
𝑘𝜆
𝐷

 (𝑑 2
ℎ𝑘𝑙𝛽ℎ𝑘𝑙𝐶𝑜𝑠𝜃

𝜆2 ) + (𝜀
2)2

where,  is the interplaner spacing and  is the average strain produced in the lattice. ,  𝑑ℎ𝑘𝑙 𝜀 𝛽ℎ𝑘𝑙 𝜆

and D are described as earlier, k is the Scherrer constant (= 0.9).

The average crystallite size (D) and average strain (  have been estimated from the slope 𝜀)

and the intercept of the linear fit of the vs   plot respectively [see (𝑑ℎ𝑘𝑙𝛽ℎ𝑘𝑙𝐶𝑜𝑠𝜃

𝜆 )2 (𝑑 2
ℎ𝑘𝑙𝛽ℎ𝑘𝑙𝐶𝑜𝑠𝜃

𝜆2 )
(ESI) -2].

Raman spectroscopy

The room temperature Raman spectra of pristine and irradiated ZnO and Zn0.98Co0.02O 

samples are obtained in the backscattering geometry. According to the group theory, ZnO in the 

wurtzite structure (having 4 atoms per unit cell) belongs to C4
6v space group with all atoms 

occupying C3v sites.  Wurtzite ZnO have the total number of 12 phonon modes namely, one 

longitudinal-acoustic (LA), two transverse-acoustic (TA), three longitudinal-optical (LO), and 

six transverse-optical (TO) branches. The zone-center optical phonons of the wurtzite structure 



of ZnO can be classified according to the irreducible representation as27: Γopt =A1+2B1+E1+2E2. 
Both the A1 and E1 modes are polar and can be split into transverse optical (TO) and longitudinal 

optical (LO) phonons with all being the Raman and infrared active. Non-polar E2 modes are 

Raman active while the B1 modes are silent in Raman scattering. The vibration of oxygen 

sublattice gives rise to high-frequency E2 mode [viz. E2 (high) or E2H] which is the strongest 

mode and characteristic of the wurtzite structure whereas that of heavy Zn sublattice gives rise to 

the low-frequency E2 [viz. E2 (low) or E2H] mode.28,29  The wurtzite ZnO NPs have six Raman-

active phonon modes reported at 101cm-1 (E2 low), 381 cm-1 (A1 TO), 407 cm-1 (E1 TO), 437 cm-

1 (E2 high viz. E2H), 574 cm-1 (A1 LO), and 583 cm-1 (E1 LO) respectively.29,30 Fig. 2 shows the 

room-temperature Raman spectra of pristine and irradiated ZnO and Zn0.98Co0.02O (inset) 

samples in the range of 200-1400 cm-1. The positions of phonon vibrational frequencies and their 

assignments have been summarized in Table-2. Most of the prominent peaks of pristine ZnO are 

also observed in pristine Co-doped NPs. However, most of the Raman modes become relatively 

less intense (weak) without appreciable shifting and broadening in frequency for Co-doped NPs 

(pristine) sample compared to pristine ZnO samples. This is due to the fact that Co-doping did 

not change the crystal structure (wurtzite) of ZnO lattice. The peak observed at 329 cm−1 is 

related to the single-crystalline nature of ZnO29,31 and has been assigned as a difference mode 

between the E2-high and  E2-low frequencies,32,33 viz.(E2H − E2L). The fundamental optical 

modes in the pristine ZnO are E1(TO) at ~408 cm-1 (very weak peak) and A1(LO) at ~576 cm-1 34 

An another peak has been observed at 585 cm−1 [E1(LO) mode]. The intensity of A1(LO) mode 

has decreased in Co-doped ZnO as compared to pristine ZnO. The broad shoulder appears at 

∼658 cm−1 for ZnO may be due to the two-phonon process35. It has also been noticed that the 

shoulder centered at ∼658 cm−1 (second-order mode for ZnO) shifts toward higher frequency 

(682 cm-1) for Co–doped pristine samples (see Table 3(a)). The other second-order mode at 

∼1142 cm−1 for ZnO has not changed appreciably (~1148 cm-1) for Co-doped ZnO (pristine). It 

should be noted here that we have assigned the modes as second order, whose frequency is close 

to the double of any first-order mode. After irradiation (both pure and Co-doped samples) the 

intensity of the non-polar E2H mode decreases and shift towards higher frequency while the 

intensity of (E2H-E2L) mode did not change after irradiation. The shifts in higher frequency may 

due to the tensile strain induced36,37 in the irradiated samples than the pristine one. This 

corroborates the result obtained from the XRD measurement. The intensity of peaks around 490, 



575 and 705 cm-1 has been increased which may be due the fact that ion irradiation induces a 

microscopic structural disorder and gives rise to local distortions in the lattice. To quantify these 

variations, the ratios of some of the Raman peak-intensities have been calculated (ESI-3).  

Surface morphology

The surface topography of the pristine and irradiated ZnO and Co-doped ZnO have been 

studied using Atomic Force Microscopy (AFM) in the tapping mode. AFM data analysis gives 

the quantitative information about the surface morphology. 2-dimensions (2D) and 3- dimensions 

(3D) AFM micrographs of pristine and irradiated pure ZnO [Fig. 3] and Co-doped ZnO [Fig. 4] 

samples clearly show that the  obtained  samples  are  indeed nano-grained  and  contain,   very  

developed  grain  boundaries  and  free  surfaces. It   has  been  recently demonstrated that the 

physical properties of pure and doped nano-grained ZnO strongly depend on  the presence of 

defects like inter-phase boundaries and  grain  boundaries38   and  on  the  presence  of   doping  

atoms  in  the inter-ficial  and  inter-granular layers39. Therefore, it is expected that these 

developed grain boundaries and free surfaces will also play an important role for the physical 

properties of our samples. The AFM study also shows the change in surface morphology due to 

the swift heavy ion beam irradiation. Roughness of the pellets was estimated with Nanoscope 

5.31r1. Scans over 2×2 µm2 were taken for measuring the surface roughness of the pellets. The 

root-mean-square roughness (RRMS) has been estimated by using the formula40: 

𝑅𝑅𝑀𝑆 =
𝑁

∑
𝑖 = 1

[(ℎ𝑖 ‒ ℎ̅ )2

𝑁 ]1 2                                                                 (3)

where  and represents the height value at each data point and the profile mean value ℎ𝑖 ℎ̅ 

of the surface respectively; N is the number of data points in the analyzed profile. The standard 

roughness or the arithmetic average roughness-height, represents the arithmetic mean of the 

deviations in height from the profile mean value, where the profile mean value is defined as40: 

ℎ̅ =
1
𝑁

𝑁

∑
𝑖 = 1

ℎ𝑖                                                                                                (4)

The root-mean-square roughness (RRMS) estimated for the pellets of Co0 and Co0 (5×1012) are 19 

and 30 nm respectively while those for the doped samples viz. Co2 and Co2 (5×1012) are found 

to be ~16 and ~28 nm respectively. The AFM study shows that the roughness (RRMS) increases 



after the irradiation. Similar observation was reported earler.41,42 This increase in the surface 

roughness may be due to the damage and defects created by the Ag ions on the surface of the 

nanoparticles. 41,42 

FT-IR spectroscopy

FT-IR spectroscopy has been employed to study the functional group present in the 

compound, inter- or intra-molecular interactions, molecular geometry, the vibrational bands due 

to Zn–O bond, and the changes due to Co substitution in its structure before and after irradiation 

at room temperature. The KBr pellet technique has been used to record the spectra. Figure 5 

represents the FTIR spectra of pristine and irradiated pure and Co-doped ZnO nanoparticles. The 

sharp absorption peak at around 475 cm-1 and relatively weak absorption peak at ~670  cm-1 are 

assigned to stretching modes of Zn–O in the tetrahedral and octahedral coordination 

respectively.43-45 From fig. 5 it is observed that the tetrahedral coordination (in both pristine and 

irradiated samples) is stronger and dominating as compared with its octahedral counterpart. Due 

to Co-doping, the peak ~670 cm-1 (octahedral coordination) does not change significantly which 

implies that the Co-ions do not enter into the octahedral sites. Moreover, octahedral coordination 

has not been changed after irradiation also. After irradiation of both the pure ZnO and Co-doped 

ZnO samples some new peaks have been arisen at around 805 cm-1, 1050 cm-1, and 1260 cm-1. 

These also may be assigned to C-O out of plane and CH3 rocking mode, arising due to the 

surface modification due to chemical synthesis of the samples. However, since all the samples 

are synthesized by the same route by using the same batch of chemicals, it is unlikely to get C-O 

out of plane and CH3 rocking mode only in the irradiated samples. Hence, these new peaks are 

definitely be related to the Co-O bond vibrations. More study is required to identify the nature of 

these modes. A broad absorption band at ~3460 cm-1 has been assigned to the stretching 

vibration mode of hydroxyl group. The band at ~1630 cm-1 has been marked to the first overtone 

of fundamental stretching mode of –OH46,47. These vibrations designate the presence of bound 

H2O on the surface of the sample48. The peak around 2345 cm-1 is due to CO2 molecules present 

in the citrate and in air. Another new peak around 2964 cm-1 has been observed in irradiated 

samples. All the vibrational bands have been assigned (ESI-4).

UV-Vis spectroscopy



UV–visible absorbance spectra of pristine and irradiated ZnO and Co-doped ZnO are 

shown in Fig. 6(a) and (b) respectively. The optical absorption measurements of the pristine and 

irradiated samples have been carried out by making thin layer of the samples on glass slide. The 

optical band gap has been evaluated using the relation:49,50 

(αhν)2 = A(hν – Eg)                                                                          (5)

where A is a constant, h is the Planck’s constant, ν is the frequency of light, and Eg is the 

band gap of the material. The direct transitions in this system have been confirmed from the 

linear fitting of the (αhν)2 vs. hν plot (inset figures).  The optical band gap (Eg) has been 

estimated from the intercept of the linear portion of the plot to (αhν)2 = 0. The band gap 

measured for the pristine ZnO and Co-doped ZnO NPs close to the energy ~3.10 eV and ~3.15 

eV respectively. The result shows that bandgap has increased due to Co-doping. This blue shift 

behavior or broadening in the band gap for Co2 sample with respect to the Co0 (ZnO) may be 

due to the 4s – 3d and 2p –3d orbital electrons interactions in which decrease of Zn 3d electron 

density and the increase of Co 3d electron density below the valence band leads to higher 

binding energy of the valence band maximum giving rise to the larger bandgap.20,51  This blue 

shift behaviour or broadening  in the bandgap may also be due to the Burstein-Moss band filling 

effect.52,53 After irradiation bandgap is decreased which may be due to the fact that ion 

irradiation has created some new localized energy states (defect states) above the valence band. 

It is a well known fact that the SHI beam induces point defects and extended defects on the target 

surface.54 High fluence of ion-irradiation may create the huge number of defect states which act 

as trapping centers for charge carriers present in ZnO nanocrystals, leading to band bending near 

the surface.55  It should be pointed out that the exponential edge (Urbach edge)50  has been 

observed for all the samples (Fig. 7(a) and &(b)) which is generally related to the structural 

properties, impurity concentration, defect states, and preparation technique etc.50,56 In the present 

case the grain boundaries38,39 of the nono-grained particles (confirmed from AFM study) has 

played a significant role for the exponential edge. The exponential edge has been increased after 

the irradiation compared to its pristine counterpart (both for pure and doped samples) because of 

the fact that more defects have been created due to irradiation. 

Photoluminescence (PL) spectroscopy



Photoluminescence (PL) spectra of pristine and irradiated pure ZnO nanocrystals under 

excitation of wavelength (λex) of 320 nm are shown in Fig.7 (a) and those of Co-doped ZnO 

nanoparticles are shown in Fig.7 (b). Inset of (a) and (b) shows the de-convoluted PL intensities. 

Figure 7(a) & (b) show several peaks in PL spectra which are not sharp and found to be broad. 

This is may be because of the presence of several recombination sites, different impurities, grain 

boundaries and defects. The PL spectra (Fig. 7) show six peaks occurring around 380 nm, 406 

nm, 432 nm, 461 nm, 485 nm and 525 nm. The first one is in the ultraviolet (UV) region, while 

other five correspond to violet, violet-blue, blue, blue-green and green respectively are in visible 

region. Typical PL spectra of pristine and irradiated ZnO sample exhibits UV emission at 380 

nm. But since the defect-related emissions dominate, this near band-edge emission (NBE) at 

~380 nm is poorly reveled. Moreover, NBE diminishes after irradiation because of the fact that 

more defect states have been introduced due to ion irradiation57.   The UV emission band can be 

explained by a near band edge (NBE) transition originates from the recombination of carriers 

bound within excitons. For ZnO nanoparticles at room temperatures (T≥150 K), it is mostly due 

to recombination of the donor-bound excitons.58  The energy gap between the bottom of the 

conduction band and the Zn vacancy (VZn) level is ∼3.06 eV. So the violet emission around 406 

nm (~3.06 eV) may be related to Zn vacancies.59 The energy gap between interstitial Zn level 

(Zni) and the valence band is ∼2.90 eV which is consistent with the energy of the violet-blue 

emission observed at 432 nm (~2.87 eV) in our experiment. The violet-blue and blue emission 

around 432 and 461 nm may also be attributed to the defect-related positively charged Zn 

vacancies.60 It is observed from Figs. 7 (a) and (b) that the intensity of the emissions at 432 nm, 

461 nm, 485 nm, and 525 nm (which are mainly related to the defect states) has been increased 

in irradiated samples compared to its pristine counterparts. In other words, ion irradiation has 

created the number of defect levels as has been reported earlier.57 

Conclusion
In conclusion, nanocrystals of Co-doped ZnO have been synthesized using a sol-gel 

technique. XRD spectra indicate successful incorporation of cobalt ion in the ZnO lattice without 

any secondary phase. The pristine and Co-doped ZnO NPs were irradiated by using 200 MeV 

Ag15+ ion beam at fluence of 5×1012 ions/cm2. Optical absorption (UV-vis) and PL properties 

also support dopant incorporation and effects of SHI irradiation on the nanoparticles. Due to 



irradiation, surface roughness increases from 19 to 30 nm in case of pristine ZnO and 16 to 28 

nm for 2% Co- doped ZnO nanoparticles. Increase in surface roughness may be due to the 

damage or defect created by the Ag15+  ions on the surface of the nanoparticles. AFM study 

shows prominent grain boundaries which played an important role in the optical properties 

(absorption and PL). Modifications in optical band gap were also observed as a result of the SHI 

irradiation which could be associated with the fact that ion irradiation may create some new 

localized energy states (defect states) above the valence band. This study demonstrates that SHI 

irradiation increases the photoluminescence intensity of the irradiated samples as compare to 

their pristine counterparts.
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Figure Captions:

Fig. 1 Rietveld refinement of the X-ray diffraction patterns (a) pristine and irradiated pure ZnO 

and (b) pristine and irradiated Co-doped ZnO samples. The inset (i) and (ii) of figures (a) 

and (b) are the fitted curve of (101) plane for the  corresponding pristine and irradiated 

samples.

Fig. 2 Room-temperature micro-Raman spectra of pristine and irradiated ZnO nanocrystals. Inset 

shows those of Zn0.98Co0.02O nanocrystals. 

Fig. 3  2D [(a) and (b)]-  and 3D [(c) and (d)]- AFM images of pristine  and irradiated ZnO 

nanocrystals.

Fig. 4  2D [(a) and (b)]-  and 3D [(c) and (d)]- AFM images of pristine and irradiated Co-doped 

ZnO nanocrystals.

Fig. 5  FTIR spectra of pristine and irradiated pure and Co-doped ZnO nanocrystals.

Fig. 6 (a) Optical absorption spectra of pristine and irradiated ZnO nanoparticles. The inset 

shows the (ahν)2 vs. hν plot of those nanoparticles.  (b) Optical absorption spectra of 

pristine and irradiated Co-doped ZnO nanoparticles. The inset shows (ahν)2 vs. hν 

plot of those nanoparticles.

Fig. 7 (a) PL spectra of pristine and irradiated pure ZnO nanocrystals excited at λex = 320 nm and 

(b) those of Co-doped ZnO nanocrystals. Inset of (a) and (b) shows the de-convoluted PL 

intensity of the pure ZnO (pristine and irradiated) and Co-doped ZnO (pristine and 

irradiated), respectively.

Table 1. The crystallite size and average strain.

Table 2. Raman modes of pristine and irradiated samples. 



Electronic information:

ESI-1: The lattice parameter a and c; interplanar spacing (d100, d002, and d101); unit cell volume 

(V); u (length of the bond parallel to the c axis, in units of c); bond distance (R) and bond 

angles calculated from XRD data:

ESI-2: The liner fit (dβCosθ/λ)2 vs.  (d2βCosθ/λ2) plot of the samples to estimate crystallite size 

and strain.

ESI-3: Intensity ratios of some of the Raman modes:

ESI-4:. Different Vibrational Modes of FTIR study:

Table 1. The crystallite size and average strain:

Crystallite Size (nm) StrainSample

Scherrer formula Size-Strain Plot Size-Strain Plot

Co0 39 42 1.6 × 10-3

Co0 (5×1012) 42 45 2.0 × 10-3

Co2 46 49 1.5 × 10-3

Co2 (5×1012) 49 51 1.8 × 10-3

Table 2. Raman modes of pristine and irradiated samples:

Vibration frequency (cm−1)

Co0 Co0 (5×1012) Co2  Co2 (5×1012) 

Assignments Process

329 330 329 331 E2H-E2L Second order



379 ----- 378 ----- A1(TO) First order

408 ----- ----- ----- E1(TO) First order

434 435 434 438 E2H First order

----- ----- 486 491 Eg Dopant related

576 572 547 550 A1(LO) First order

585 ----- 575 576 E1(LO) First order

658 694 682 707 Second order

1142 1138 1148 1138 Second order
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Fig. 1 Rietveld refinement of the X-ray diffraction patterns (a) pristine and irradiated pure ZnO 

and (b) pristine and irradiated Co-doped ZnO samples. The inset (i) and (ii) of figures (a) 

and (b) are the fitted curve of (101) plane for the  corresponding pristine and irradiated 

samples.
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Fig. 2 Room-temperature micro-Raman spectra of pristine and irradiated ZnO nanocrystals. Inset 

shows those of  Zn0.98Co0.02O nanocrystals. 

Fig. 3  2D [(a) and (b)]-  and 3D [(c) and (d)]- AFM images of pristine  and irradiated ZnO 

nanocrystals.



Fig. 4  2D [(a) and (b)]-  and 3D [(c) and (d)]- AFM images of pristine and irradiated Co-doped 

ZnO nanocrystals.
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Fig. 5  FTIR spectra of pristine and irradiated pure and Co-doped ZnO nanocrystals.
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Fig. 6 (a) Optical absorption spectra of pristine and irradiated ZnO nanoparticles. The inset 

shows the (ahν)2 vs. hν plot of those nanoparticles.  (b) Optical absorption spectra of 

pristine and irradiated Co-doped ZnO nanoparticles. The inset shows (ahν)2 vs. hν 

plot of those nanoparticles.
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Fig. 7 (a) PL spectra of pristine and irradiated pure ZnO nanocrystals excited at λex = 320 nm and 

(b) those of Co-doped ZnO nanocrystals. Inset of (a) and (b) shows the de-convoluted PL 

intensity of the pure ZnO (pristine and irradiated) and Co-doped ZnO (pristine and 

irradiated), respectively.

                    

                     


