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Zn—Cu-codoped SnO; nanoparticles have been synthesized by chemical precipitation method. All nanoparticles are
crystalline, with the average size increases from 2.55 nm to 4.13 nm as the calcination temperature increases from 400 °C
to 600 °C. The high calcination temperature can enhance the crystalline quality and grain growth. The oxygen content
decreases with decreasing calcination temperature; at a low temperature of 400 °C, Zn—Cu-codoped SnO, nanoparticles
are in a rather oxygen-poor state having many oxygen vacancies. The optical band gap energies of Zn—Cu-codoped SnO,
nanoparticles calcined at 400 °C and 600 °C are decreased from 3.93 eV to 3.62 eV due to quantum confinement effects.
Both samples exhibit room-temperature ferromagnetism, with a larger saturation magnetization at 400 °C due to the pres-
ence of large density of defects such as oxygen vacancies. Zn—Cu-codoped SnO; nanoparticles exhibit large optical band
gap energies and room temperature ferromagnetism, which make them potential candidates for applications in optoelec-

tronics and spintronics.
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1. Introduction

The subject of great interest in case of nanoparticles is
quantum size effect. In case of semiconductor nanoparticles,
the band gap plays a vital role and the band gap structure is
strongly dependent on size of nanoparticles.!!! According to
the quantum confinement effect, the band gap increases as
the size of nanoparticles reduces in the regime of nanome-
ter. Therefore, it is very important to synthesize nanoparticles
with desired sizes and properties. The common routes used
for the synthesis of nanoparticles include sol-gel method,!
hydrothermal technique,®! polyol method,*! chemical vapor
deposition,! spray pyrolysis,[® pulsed laser deposition,’!
high vacuum evaporation,!® and co-precipitation.”!%1 The
structural, optical, and magnetic properties of semiconduc-
tor nanoparticles are the main focus of researchers in recent

[11.12] Semiconductor nanoparticles are the most suitable

years.
candidates with a range of variations in optical and magnetic
properties having potential applications in photo catalysis, op-
toelectronics and spintronics.[!314]

SnO;, is one of the prominent metal oxide semiconductors
with a direct band gap having band gap energy of 3.6 eV at
room temperature. Its n-type conductivity is because of pres-
ence of oxygen vacancies in the rutile structure. The proper-
ties which make it very much valuable according to techno-
logical point of view are its high conductivity, transparency
in visible light, high infrared reflectance, abundance in nature,

and absence of toxicity. The properties of SnO;, nanoparti-
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cles can be tuned largely by introducing impurity or dopant
and forming defects in the matrix. Previously, the researchers
have investigated the visible light response of SnO, by intro-
duction of defects (tin interstitials, oxygen vacancies, crystal
disorder and doping).!'>!%! Due to its large surface-to-volume
ratio and quantum confinement effects, nanocrystalline SnO,
exhibits remarkable properties and has outstanding advantages
of various operating temperatures and wide applications.

In this work, we have synthesized Zn—Cu-codoped SnO,
nanoparticles by a co-precipitation method. Among various
methods, the co-precipitation route is very attractive due to its
short growth time, low cost and controllable grain size. We
have studied how the particle size and defect density vary with
calcination temperature and induce changes in structural, op-
tical and magnetic properties. Zn—Cu-codoped SnO; nanopar-
ticles are promising for applications in catalysis, optoelec-
tronics and spintronics devices. In the following sections we
present our experimental findings along with detailed explana-
tions.

2. Materials and methods

The reagents of SnCl,-2H,0 (98%), ZnCl, (99%), CuCl,
(99%), and NH3-H,0 (25%—-28%) with analytical grade were
used as the source materials without further purification. Ul-
trapure water (18.3 MQ) was used throughout the experi-
ments. First, 0.22 M of SnCl,-2H,O was dissolved in 50-
ml distilled water, 0.05-M CuCl, in 25 ml of distilled water
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and 0.05-M ZnCl, in 25 ml of distilled water with continuous
stirring. When all are completely dissolved, these solutions
were mixed together. Now 35 ml of 2-M NH4OH solution was
added to the above solution by drop wise with continuous stir-
ring and drop rate of 3 ml/minute. Resulting precipitates were
collected by centrifugation and washed five to six times with
distilled water and dried at 60 °C. Finally the products were
calcined at 400 °C and 600 °C to obtain the Zn—Cu-codoped
SnO; nanoparticles.

The structures of synthesized samples were character-
ized by an Empyrean 200895 (Netherland) x-ray diffraction
(XRD) with Cu Ka radiation (A = 1.5418 A). The mor-
phologies of the products were investigated by a Hitachi S-
4800 field-emission scanning electron microscope (FE-SEM).
High-resolution transmission electron microscopy (HR-TEM)
images were recorded from a FEI F20 (USA) system. The
chemical composition was analyzed by using an energy dis-
persive x-ray (EDX) spectroscopy attached to the SEM. The
UV-visible diffuse reflectance spectrum (DRS) was obtained
from a UV-3600 model spectrophotometer. Fourier transform
infrared spectroscopy (FTIR) spectra were obtained by using
the FTIR TENSOR 27 system. Raman Spectra were recorded
using the LabRamHRUYV system. Dc magnetization (M(H))
measurements were carried out using a Quantum Design mag-
netic properties measurement system (MPMS) at room tem-
perature.

3. Results and Discussion

Figure 1 shows the typical XRD patterns of Zn—Cu-
codoped SnO, nanoparticles calcined at 400 °C and 600 °C.

The peak positions of both samples coincide with the rutile
tetragonal structure of SnO, (JCPDS No. 41-1445). No impu-
rity peaks are observed corresponding to any metallic cluster
or oxide phase, indicating that Zn and Cu have been incorpo-
rated in SnO, lattice. It can be observed that the intensities of
XRD peaks are enhanced while their widths reduced when the
calcination temperature is elevated from 400 °C to 600 °C. The
average crystallite size, calculated using the Scherer formula,
increases from 4.5 nm to 7.3 nm when the calcination temper-
ature is up from 400 °C to 600 °C. The incorporation of Zn and
Cu with +2 valence to replace Sn** in SnO; lattice results in
the enhancement of densification and oxygen vacancies.!!”-18]
The ionic radius of Zn>* is 0.074 nm and Cu®" is 0.069 nm,
whereas that of Sn** is 0.069 nm. Therefore Zn>* and Cu’*
ions can well substitute the Sn** in the crystal due to nearly
comparable ionic radii.
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Fig. 1. (color online) XRD spectra of Zn—Cu-codoped SnO; nanoparti-
cles calcined at 400 °C and 600 °C.
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Fig. 2. (color online) FE-SEM images of Zn—Cu-codoped SnO; nanoparticles calcined at (a) 400 °C and (b) 600 °C, and EDX
patterns of Zn—Cu-codoped SnO, nanoparticles calcined at (c) 400 °C and (d) 600 °C with the inset showing the element

contents.
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Figures 2(a) and 2(b) display the SEM micrographs of
Zn—Cu-codoped SnO; nanoparticles calcined at 400 °C and
600 °C, respectively. We can see the large aggregates of
nanoparticles. The crystallanity increases with increasing cal-
cination temperature. Figures 2(c) and 2(d) exhibit the EDX
patterns of two samples, respectively. Signs of elements O, Sn,
Zn, and Cu in both samples are observed. The Zn, Cu, and Sn
contents are 5.05, 8.21, and 36.49 at.%, respectively in Zn—Cu-
codoped SnO; nanoparticles calcined at 400 °C, while they are
4.86, 9.79, and 33.22 at.% at 600 °C. The (Zn+Cu+Sn):O
atomic ratios are 49.74:50.26 and 47.87:52.13 for Zn—Cu-
codoped SnO, nanoparticles calcined at 400 °C and 600 °C,
respectively, significantly higher than the stoichiometric ratio
The fact reveals that the Zn—Cu-
codoped SnO; nanoparticles are in an oxygen-poor state, hav-

of 1:2 in intrinsic SnO,.

ing a lot of oxygen vacancies in matrix. Moreover, there are
more oxygen vacancies in nanoparticles calcined at 400 °C
than those at 600 °C. Thus, the elevation in calcination tem-
perature improves the crystallanity and reduces defects like
oxygen vacancies in samples.

(a)

Fig. 3. (color online) TEM images of Zn—Cu-codoped SnO, nanoparti-
cles calcined at (a) 400 °C and (b) 600 °C, and SAED patterns of Zn—Cu-
codoped SnO; nanoparticles calcined at (c) 400 °C and (d) 600 °C.

TEM micrographs of Zn—Cu-codoped SnO;, nanoparti-
cles are shown in Figs. 3(a) and 3(b). The size enlargement
with elevation of calcination temperature indicates the grain
growth and improvement in crystallization. The average parti-
cle sizes can be estimated by careful identification of nanopar-
ticles in the TEM images, which are determined to be 2.55 nm
and 4.13 nm for nanoparticles calcined at 400 °C and 600 °C,
respectively. The particle size obtained from TEM is smaller
by about a factor of 0.57 as compared with that derived from
XRD. This difference is mainly caused by the different parti-

cle size criteria, underlying the different methods.!"”! In gen-
eral, the average particle size determined by TEM is smaller
than that derived from XRD. Figures 3(c) and 3(d) show the
selected area electron diffraction (SAED) patterns of Zn—Cu-
codoped SnO, nanoparticles calcined at 400 °C and 600 °C,
respectively. Fringe patterns corresponding to (110), (101),
(211), and (311) planes are consistent with the peaks observed
in the XRD patterns. XRD and TEM studies exclude the for-
mation of impurities and firmly confirm the tetragonal struc-
ture of SnO, nanoparticles for both samples.

In Fig. 4 Raman spectroscopy measurements are per-
formed for Zn—Cu-codoped SnO; nanoparticles calcined at
400 °C and 600 °C. The peaks are centered at 474, 630, and
772 cm™~! for nanoparticles calcined at 400 °C and 473, 631,
and 775 cm~! at 600 °C, which are corresponding to the three
fundamental vibrational modes of Ey, Ajg, and By, respec-
tively. In both samples the peak positions of the three modes
correspond to the rutile tetragonal phase of SnO; nanocrys-
tal. The same vibrational modes in bulk SnO, powder are
observed at 474, 638, and 776 cm™!, respectively.!?’! In the
present case of both samples, the observed peaks are shifted.
The shift is associated with the change in grain size. The By,
and E; modes approach Aj,, while Ay, shifts to the lower

(21,221 Increasing in-

wavenumber with reduction in grain sizes.
tensity of Ajg mode is the indication of enhancement in crys-
tallanity. Also the intensity of E, peak (very sensitive to oxy-
gen vacancies) is reduced with increasing calcination tempera-
ture, which means oxygen vacancies are reduced in the sample
calcined at 600 °C. So the Raman results firmly agree to those

of XRD and EDX.
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Fig. 4. (color online) Raman spectra of Zn—Cu-codoped SnO, nanopar-
ticles calcined at 400 °C and 600 °C.

FTIR is a more sensitive technique as compared to XRD
and Raman in characterization of phases and lattice distor-
tions. Figure 5 shows the FTIR spectra recorded in the range
400 cm~'-4000 cm ™! in order to confirm the phase purity of
Zn—Cu-codoped SnO; nanoparticles calcined at 400 °C and
600 °C. The observed broad peak in 530 cm™!'-622 cm™!
range is due to possible vibrations of Sn—O and O-Sn-O
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modes. 231 Peaks at 1032, 1255, 1383, 1448, and 1621 cm™!
are due to possible vibrations of Sn—OH and H,O modes. >
The broad peak at 3441 cm™! is due to the possible vibrations
of Sn—OH mode.>*! The absorption peaks observed between
2300 cm™! and 3000 cm ™! are assigned to the CO, mode.>!
It is clearly observed from the Fig. 5 that the intensity of IR
peaks decreases with increasing calcination temperature. The
enhancement in band intensity and band width indicates a re-
duction in particle size.[*®! So the size of the particles calcined
at 400 °C is less than the particles calcined at 600 °C. The
FTIR analysis strongly supports XRD and TEM analyses.

calcined at 400 °C
calcined at 600 °C
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Fig. 5. (color online) FTIR spectra of Zn—Cu-codoped SnO, nanoparti-
cles calcined at 400 °C and 600 °C.
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Fig. 6. (color online) Absorption spectra of Zn—Cu-codoped SnO,
nanoparticles calcined at 400 °C and 600 °C. The inset shows the cor-
responding plots of (F(R) x E)? versus photon energy (E).

The UV-VIS DRS was measured for better understand-
ing of optical properties of Zn—Cu-codoped SnO; nanopar-
Figure 6 shows the absorbance (F(R)) of Zn-Cu-

codoped SnO; nanoparticles calcined at 400 °C and 600 °C.
The nanoparticles calcined at 600 °C show larger absorption in

ticles.

the UV light region, which demonstrates the presence of large
agglomerates. The absorption edge shifts to longer wavelength
in case of sample calcined at 600 °C, with the sharp rise of the
absorption edge, revealing the enhancement in crystallanity. It
is well known that larger defect density leads to the broaden-
ing of the absorption spectra at the absorption edge. Using

the Kubelka—Munk equation,?’! the optical band gap energy
(E,) is calculated by plotting (F(R) x E)? on vertical-axis and
the incident photon energy E = hv on horizontal-axis. By ex-
trapolation of the linear portion at (F(R) x E)? = 0, the band
gap energy can be evaluated, as shown in the inset of Fig. 6.
Thus the band gap energy values are found to be 3.93 eV and
3.62 eV for Zn—Cu-codoped SnO, nanoparticles calcined at
400 °C and 600 °C, respectively. This means that the band
gap energy decreases with increasing calcination temperature.
As determined by TEM, the average particle sizes are 2.55 nm
and 4.13 nm for nanoparticles calcined at 400 °C and 600 °C,
respectively. Thus, the reduction in band-gap is believed to
be due to the quantum confinement effect, since as the size of
nanoparticles reduces their band gap increases.?®!

Magnetic measurements performed at room temperature
for Zn—Cu-codoped SnO, nanoparticles are shown in Fig. 7.
Both samples exhibit room-temperature ferromagnetism as
observed in Fig. 7, which is in accordance to the previous ob-
servations of room-temperature magnetism in codoped SnO,
nanoparticles or thin films as reported by Mehraj et al.,!*’!
Kamble et al.,'® and Chen et al.®"! The saturation magneti-
zation (Ms) at room temperature decreases from 0.0037 emu/g
to 0.0017 emu/g with increasing calcination temperature from
400 °C to 600 °C. The observed difference between M is the
clear indication that oxygen vacancies become more active
at low calcination temperature of 400 °C, which also induce
the ferromagnetism with saturation magnetization of almost 2
times higher magnitude than that at 600 °C. In addition, the
observed coercivity field (H) decreases from 81.45 emu/g to
76.05 emu/g and the remanent magnetization (Mr) decreases
from 5.26 emu/g to 2.4 emu/g as the calcination temperature
increases from 400 °C to 600 °C. The enhancement in satura-
tion magnetization, remanent magnetization and coercive field
at 400 °C compared with 600 °C is due to the small nanopar-
ticle size and large amount of oxygen vacancies for Zn—Cu-
codoped SnO; nanoparticles calcined at low temperature.

Based on the XRD, SEM, and TEM data, we can draw the
conclusion that Zn—Cu-codoped SnO; nanoparticles have been
synthesized with spherical shapes. As the calcination temper-
ature increases, the size of nanoparticles is enlarged, leading
to the enhanced crystalline quality. The introduction of Zn
and Cu into SnO; can be well verified by the EDX patterns.
Raman and FTIR spectra reveal that the nanoparticles are in
an oxygen-poor state having oxygen vacancies at low temper-
atures. The optical band gap energies are derived from the
absorption spectra, which decreases from 3.93 eV to 3.62 eV
as the temperatures increase from 400 °C to 600 °C owing
to the quantum size effect. The Dc magnetization measure-
ments reveal the nanoparticles have room-temperature ferro-
magnetism, with a larger saturation magnetization at 400 °C
due to the large density of defects such as oxygen vacancies.
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All measured data agree well with each other. The optical
and ferromagnetic behaviors are in a good agreement with the
structural properties.
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Fig. 7. (color online) Room temperature M (H) loops for Zn—Cu-codoped
SnO; nanoparticles calcined at 400 °C and 600 °C. The units 1 Oe =
79.5775 Am L.

4. Conclusions

In summary, we have synthesized Zn—Cu-codoped SnO»
nanoparticles at calcination temperatures of 400 °C and
600 °C by the chemical co-precipitation method. The incor-
poration of Zn and Cu in SnO; lattice introduces significant
changes in physical properties of the two nanocrystals. The
average particle size increases from 2.55 nm to 4.13 nm with
reduction in density of oxygen vacancies as calcination tem-
perature increases from 400 °C to 600 °C. The optical band
gap energies are 3.93 eV and 3.62 eV for Zn—Cu-codoped
SnO; nanoparticles calcined at 400 °C and 600 °C, respec-
tively. The increased band gap with reduction in size is due to
quantum confinement effects. Both samples show room tem-
perature ferromagnetism, and the sample calcined at 400 °C
shows a larger saturation magnetization due to the presence
of more defects such as oxygen vacancies. Zn—Cu-codoped
SnO; nanoparticles with enhanced room-temperature ferro-
magnetism are the potential candidates having application in
the fields of optoelectronics and spintronics.
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