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Abstract: Nanocrystal of basic composition Sn;Cu,O, with x=0.00, 0.02, 0.03 and 0.04 were
synthesized by sol-gel route. The samples were characterized using X-ray diffraction (XRD),
Fourier transformed infrared spectroscopy (FTIR), UV-Vis spectroscopy, Photoluminescence
(PL) spectroscopy and Vibrating sample magnetometer (VSM) measurements. The XRD
analysis reveals that the Cu dopants were substituted into rutile SnO, nanoparticles without
forming any secondary phase. The average particle size of the samples was decreased with
increasing Cu concentration. The optical absorption measurements exposed the nanometric size
of the materials influences the energy band gap. From the PL spectra, the intense luminescent
peak was originated due to the structural defects such as oxygen vacancies. Room temperature
M-H curve of pure SnO, nanoparticles exhibits ferromagnetic behaviour, while the
Sng 9sCug 0,0, sample reflects the diamagnetic behaviour. Ultimately, it has been observed that
the ferromagnetic property depends on host lattice structural defects rather than impurity phase.
Keywords: Structural, Optical and Magnetic properties, Copper (Cu) doped , Tin oxide (SnO,)
nanocrystal.

Introduction:

Wide band gap oxide based dilute magnetic semiconductors (DMSs) such as SnO,, ZnO, TiO,, CeO,
and In,O; doped with transition metal ions (Mn, Fe, Co, Ni, Cu etc.) have concentrated due to number of
unusual electronic and magnetic properties'”. Among these, Tin oxide exhibits notable behavior because of
native oxygen vacancy, high carrier density and transparency. This type of oxide semiconductor has particular
advantages such as easy integration with semiconductor devices in the field of spintronics, ferromagnetic dilute
magnetic semiconductors. Tin oxide materials have many direct applications such as semiconducting gas
sensors, solar cell, photo detectors and catalyst for oxidation®''. Ferromagnetic behavior is originated in this
oxide semiconductor might be due to introduction of small amount of transition metal (TM) ion, secondary
phases and defects rather than ferromagnetic elements. Nanometric size can also influence on the various
physical properties of not only the host semiconductor but also the DMS material derived from them. Undoped
tin oxide nanoparticles have RTFM while their corresponding bulk sample is diamagnetic'?. From the magnetic
properties of TM doped tin oxide nanostructure, an important understanding has developed that lattice defects
can contribute to magnetic signal. Defects can be introduced in metal oxide crystals by doping'*'* or by varying
the oxygen stoichiometry'”, which leads to the modification in the electronic band structure of the material.
SnO, nanostructures have been prepared by various techniques'®*. From this, sol-gel method is an effective
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method for creating RTFM in oxide semiconductor. In this work we synthesized Sn;CuyO, nanocrystal by a
sol-gel method and investigated the structural, optical and magnetic properties of Cu doped SnO, powder.

Experimental procedure:

Undoped and Cu doped SnO, powders were synthesized by sol-gel technique. The chemicals used in
this study were tin (IV) chloride pentahydrate (SnCl,.5H,O, Sigma Aldrich), ammonium hydroxide (NH,OH
25%, Sigma Aldrich), Copper sulphate (CuSO,, Sigma Aldrich) and ultra pure water. All reagents used were of
analytical grade without further purification.

0.05 M tin (IV) chloride was added to 50 mL of ultra pure water in a round bottom flask and stirring
was done for 30 min. A certain amount of ammonia solution (25%) was added into the mixture under a
controlled feed rate of 5 drops per min until the pH of the solution became 3 and maintained constant
stirring.  After 2h of stirring, it formed the white coloured Sn(OH), precipitate called sol. The sol was
ultrasonically agitated for 15 min and then aged at room temperature for 5 days. The resulting gel was then
washed with ethanol and ultra pure water for so many times to remove impurities. The gel was dried at 100°C
for 10 h in air, the obtained powder was ground using mortar and pestle and finally calcinated at 550°C for 2 h.

For preparing Sn;.,Cu,O, nanoparticles, the calculated amount of Copper sulphate (CuSO,) was added
to the above sol solution and stirred it for another lhour. Copper doping ratio was the molar ratio of
Cu/(Cu+Sn), namely x. Similar experimental procedure was applied to obtain Cu doped SnO; particles as in the
preparation of pure SnO, nanoparticles. Finally, the obtained Cu doped SnO, samples were used for studies.

Structure and crystalline size of the samples were determined by XRD using a PANalytical X pert-Pro
diffractometer with Cu-Ko wavelength of 1.5406 A in 20 range from 20° to 80°. The UV-Vis absorption
spectrum was taken by Shimadzu-UV 2450 spectrophotometer. The PL measurements were carried out by
Perkin Elmer-LS 45 spectrofluorometer with an excitation wavelength 300 nm. FTIR spectra of the samples
were recorded using a Shimadzu-FTIR spectrometer and room temperature magnetic measurements were
obtained by LAKESHORE-7410 VSM.

Results and Discussion:
Structural properties:

Figure 1. shows the powder XRD pattern for a Sn,Cu; O, (x=0.00, 0.02, 0.03 and 0.04) nanocrystal.
All the diffraction peaks can be ascribed to tetragonal rutile structure (JCPDS card No. 41-1445) without any
secondary phases such as SnO and CuO. All the samples have a similar structure which implies that the Cu
atoms are incorporated into SnO, host lattice. Lattice parameters (a and c) and particle size were measured
using the rutile (110) and (101) peaks of Sn,Cu,.<O, for a variety of concentrations (x). Lattice parameters and
average particle size of produced samples were shown on Table. 1. Lattice parameters (a and c) gradually
increase with increase in doping concentration and reaches maximum at doping level of 3% and decreased with
further increase in the doping concentration. The ionic radii of O*, Sn*" and Cu*" are 1.40, 0.83 and 0.87 A
respectively. The radius of Cu®" is higher than that of host ion (Sn*"). The crystallite size was calculated by
Debye-Scherrer’s formula and Williamson-Hall (W-H) plot as well. Because using W-H plot the effect of strain
on the crystallite size can be calculated but in Debye’s method does not consider strain. The average crystallite
size of sample was calculated using Debye-Scherrer’s formula.

d=—* (1)
B cosO
Where d is the mean crystalline size, K is a grain shape factor (0.9), A is the wavelength of the incident
Cu-Kabeam, 0 is a Bragg’s reflection angle and p is the full width at half maximum. The following equation is

applied to find the crystallite size and lattice strain of the samples by using W-H analysis.
A
ﬂc059=kd+4gtan9 2)

The W-H plot is drawn with 4sinf along the x-axis and Bcos0 along the y-axis for as-prepared SnO,
nanoparticles are shown in Fig.2. The crystalline size was calculated from the y-intercept of linear fit of the
data, and the strain € was measured from the slope of the linear fit. Increase in Cu concentration leads to distort
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the system and it reduced the average size of the crystallite. The negative strain means contraction in the system
and hence doped system has lower W-H calculated crystallite size values compared to the crystallite sizes
calculated by Scherrer’s equation.
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Fig. 1. XRD pattern of a) undoped SnQO, nanoparticles, b) 2% Cu doped sample, ¢) 3% Cu doped sample

d) 4% Cu doped sample and e) JCPDS card No: 41-1445

Table 1. Lattice parameters and average particle size of synthesized samples.

Grain size Lattice
Sample (h k1) d-Spacing (nm) parameters (A) Lattl.ce
A) Scherrer’s | W-H . ] strain
method method

Undoped SnO, 85?3 iéijﬁ 10.57 26.26 47436 | 3.1859 0.0059
Sng 93Cug 020, 8 (l)?g ggégg 4.54 35.46 4.8373 | 3.2229 0.0321
Sngp 97Cug 030, 8 (l)(l)g 323?22 3.04 0.96 4.8929 | 3.2232 -0.0679
Sngp 96Cug 040- 8(1)(1)3 32;(1);; 5.57 13.13 4.8250 | 3.2061 0.0132
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Fig. 2. W-H plot of a) undoped SnO, nanoparticles, b) 2% Cu doped sample, ¢) 3% Cu doped sample and

d) 4% Cu doped sample.
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Optical measurements:

FT-IR spectra of all the samples are shown in Figure.3. From the spectra we can clearly seen that
changes in positions, sizes and shapes indicating that Cu have incorporated in SnO, host lattice. The absorption
peak at 635 cm™ arises from the bending vibration of Sn-O-Sn. All the samples show the broad band centered at
~3420 cm’™ which could be ascribed to stretching vibration of surface hydroxyl groups. It is most likely due to
re-absorption water from the ambient atmosphere™. The peak appeared at 2920 cm™ is attributed to the C-H
stretching vibration®®. This peak was decreased with increasing Cu concentration. The band appearing in all the
samples around 1640 cm may be ascribed to the bending mode O-H bonds. These results are in agreement
with the earlier reports>’=*
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Fig. 3. FTIR spectra of a) undoped SnO, nanoparticles, b) 2% Cu doped sample, ¢) 3% Cu doped sample
and d) 4% Cu doped sample.

Optical absorption measurements were carried out for to determine the optical band gap and effect of
Cu incorporation replacing Sn*" ions in semiconducting SnO, host lattice. The optical band gap values were
obtained from the optical absorption spectra by using Tauc’s relation.

ahv=A(hv-E,)" 3)

Where a is the linear absorption coefficient of the sample, (hv) is the incident photon energy, A is the
energy independent constant, E, is the optical band gap energy and n is a constant which determines the type of
optical transition, for direct transition, n=1/2 . Tauc’s plot of all the samples was shown in figure.4. For
undoped SnO,, the calculated value of band gap is ~3.98 eV. It interesting to note that there is a red shift in
band gap values of Cu doped SnO, samples when compared with undoped SnO, and a similar report was
reported earlier”. Further, the band gap was found to increase from 3.21eV to 3.50 eV with decreasing particle
size indicating that there is a blue shift in the absorption edge. This blue shift may be attributed to strong
quantum confinement effect. The observed optical band gap variation might be due to changes in the band
structure caused by changes in local disorder from the crystalline size of the samples and sp-d exchange
interaction between the band electrons and the localized d electrons of Cu®* ions substituting Sn** jons.

The PL technique has been widely used to investigate the structures and defects of metal oxides.
Figure.5 shows room-temperature PL emission spectra of Cu-doped SnO, nanocrystal. All of the PL spectra
consist of three high intensity emission peaks (at 361 nm, 377 nm and 410 nm) and one low intensity peak in
the visible region (at 493 nm). This emission band contributed to twofold coordinated tin oxygen deficient
centers. The PL spectra of all the samples show a strong UV emission and it is divided into two peaks. The PL
intensities are initially increased with increasing Cu concentration and then decrease. The peak at 410 nm is
attributed to the recombination of the deep trapped charged and photo-generated electron from the conduction
band. Commonly, oxygen vacancies are known to be the most common defects in oxide based semiconductor
and act as radiative centers in luminescence process. The SnO, nanoparticles are found to exhibit an emission
peak in blue-green region centred at 493 nm. The origin of deep blue-green emission in SnO, nanostructures
can be originated from different crystalline defects such as oxygen vacancy and Sn vacancy".
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Fig. 4. Tauc’s plot of a) undoped SnO, nanoparticles, b) 2% Cu doped sample, c¢) 3% Cu doped sample
and d) 4% Cu doped sample.
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Fig. 5. Room temperature PL emission spectra of (a) undoped SnQ, nanoparticles, (b) 2% Cu doped
sample, (¢) 3% Cu doped sample and (d) 4% Cu doped sample.

Magnetic studies:

For understand the magnetic behaviour of Sn;Cu,O, (x=0.00, 0.02, 0.03 and 0.04) nanoparticles,
measurements of room temperature magnetisation as a function of magnetic field M(H) was carried out using
VSM. Defects and oxygen vacancy must play important role in magnetism of these systems. Figure.6 shows the
M-H behaviour of undoped and 2% Cu doped samples. Undoped sample shows perfect hysteresis loop with
saturation magnetization value of 0.00776 emu\g and coercivity of 456 Oe but 2% Cu doped sample shows
diamagnetic bahavior at higher values of magnetic fields. The inset of the Fig.6 shows the magnified image of
2% Cu doped sample. The origin of observed ferromagnetism whether intrinsic or due to the presence of hidden
secondary phases of ferromagnetic metal cluster or their ferromagnetic oxides, regarding the exchange
interactions in ferromagnetic ordering whether mediated by holes or electrons, again whether the carriers are
delocalized or localized in nature. From the XRD pattern we conclude that there is no secondary phases are
present in the samples. Therefore the observed ferromagnetic behaviour is due to structural defects. Defects in
oxide, which trap two electrons or holes, can have a spin triplet as the ground state or as a low-lying excited
state. Such centers in monoxides include the V° cation vacancy center with two holes, and the pair of singly
occupied F centers’’. Cu®" and Sn*" have different valencies, which may lead to high-density doping induced
defects. Cu doping has induced the expansion in SnO, lattice and significant structural disorder indicated by the
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XRD signal broadening. Such structural changes might have destroyed the ferromagnetic ordering since the
magnetic exchange interaction is sensitive to the distance between the interacting spins.
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Fig. 6. M-H magnetic hysteresis loop of (a) undoped SnO; nanoparticles and (b) 2% Cu doped sample.
Inset of the figure shows the focussed view of 2% Cu doped sample.

Conclusions:

We have successfully synthesized the Cu-doped SnO, nanoparticles by a sol-gel method. It is observed
from the XRD study that the prepared samples with Cu-doping percentage varying from 2 to 4% shows a SnO,
rutile phase and the lattice parameters are increased with increasing Cu concentration only up to 3% while it is
decreased beyond 3 %. From the FTIR spectra, we can see that the peak changes are in accordance with the
incorporation of Cu”" ions into the SnO, lattice. Band gap values of 2-4% Cu doped samples vary from 3.21 to
3.50 eV, which ensures that the optical properties change with respect to the quantum confinement effect in
nanocrystal. The PL intensities increase with increasing Cu concentration. The maximum luminescence is
observed for 2% Cu doped sample. The room temperature ferromagnetism of undoped SnO, sample is activated
by the structural disorder like oxygen vacancy, where as Cu doped sample shows the diamagnetic property at
higher fields. The diamagnetic property on doping may be due to the structural disorder, electronic structural
modifications and surface nature of the nanocrystallites. The present work provides useful information for
tuning the optical and structural properties of Cu- doped SnO, based DMS materials.
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