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The microstructure and optical properties of Ni-doped SnO2 nano-powders are studied in detail. By Ni-doping, not

only the grain size reduces, but also the grain shape changes from nano-rods to spherical particles. The crystallization

becomes better with annealing temperature increasing. The band gap energy decreases as nickel doping level increases.

The sp—d hybridization and alloying effect due to amorphous SnOz_, phase should be responsible for the band gap

narrowing effect. Nickel dopant does not change the photoluminescence (PL) peak positions.
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1. Introduction

As a chemical stable n-type semiconductor with a
wide band gap energy, rutile-type tin dioxide (SnO2)
is known to have a wide range of technological applica-
tions, such as gas sensors!’ and transparent conduct-
ing electrodes,?! and much attention has been paid to
the photoluminescence properties of SnO5.3=7 The
electrical and optical properties of SnO can be largely
modified by dopants. Up to now, SnOs has been
doped separately with group III, V, VI and VII el-
ements of the periodic table such as In, Ti, P, As, Sbh,
Te, F, Cl, Br and I to modify these properties.—11]
Recently, SnOs doped with 3d-transition metals has
displayed some interesting magnetic properties and at-
tracted great attention.'?>=1%! Tt is well known that
the presence of the magnetic ion in a compound semi-
conductor leads to a number of novel electronic and
optical properties, such as the d—d optical absorp-
tion due to the strong coulomb interaction between
the 3d electrons and band gap modification by sp—d
hybridization.['617 However, to author’s knowledge
there is no report on the optical properties of the
nickel-doped SnOs although a great effort has been

made to study it as gas sensors.'®19 In this pa-
per we present the influence of nickel dopant on the
microstructure and optical properties of SnO5 nano-
powders.

2. Experiments

Ni-doped SnOs nano-powders were successfully
prepared by means of dissolving tin chloride (hy-
drous SnCly - 5HO(A.R..)) and nickel chloride (hy-

drous NiCly - 6H2O(A.R.)) in distilled water.
typical synthesis, an aqueous ammonia solution was

In a

added to the above solution dropwise. The dropping
rate must be well controlled for the chemical homo-
geneity. The resulting gels were collected, washed in
distilled water, and then dried at 100°C for several
hours. Heating treatment of the synthesized nano-
powders was conducted in air for 1h separately at
each of the following temperatures: 350°C, 400°C,
500°C, 650 °C and 800 °C.

The crystalline structure of the material was
analysed by x-ray diffraction (XRD) using a Rigaku
D/max-2400 diffractometer

with curved crystal
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monochromator and CuKa radiation (= 0.154056 nm)
operated at 40kV and 60 mA. The sample stoichiom-
etry was measured by a KRATOS X SAM 800 x-ray
photoelectron spectroscopy (XPS). The feature micro-
graphs were obtained using the H-600 transmission
electron microscopy (TEM) operated at 100kV. Af-
ter the as-produced powders were well dispersed in
distilled water suspension by using a supersonic dis-
perser, the absorption spectra of the samples were
measured using a Shimadzu UV-2500 UV-Visible
spectrophotometer.  The photoluminescence (PL)
spectra were measured with a Shimadzu RF-5301PC
spectrofluorophotometer.

3. Results and discussion

XRD patterns of Sny_,Ni, Oy (with z = 0, 0.02
and 0.05) annealed at 350 °C for 1 h are shown in Fig.1,
in which (a), (b) and (c) correspond to x = 0, 0.02 and
0.05, respectively.
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Fig.1. XRD patterns of Sni_,NizO2, with (a) z =0, (b)
z = 0.02, and (¢) z = 0.05, respectively.

The diffraction indices are indicated in Fig.1(c). As
seen in Fig.1, x-ray diffraction measurements reveal
that the structures of all the samples are of rutile-
type cassiterite (tetragonal) phase of SnOs, and the
doping does not change the tetragonal structure of
SnO,. Furthermore, we cannot find any traces of im-
purity, at least from the XRD data. The peak posi-
tions do not show any measurable changes, while the
intensities of the peaks decrease with Ni content in-
creasing. As Ni content increases, the XRD peaks
become wider, indicating possible changes in the crys-
tallite size and / or strain. This is similar to that
reported in Ref.[15]. Using the Scherrer equation, the
crystal size can be estimated. The crystal sizes deter-

mined by (110) diffraction peak are 8, 7 and 6 nm for
x = 0, 0.02 and 0.05, respectively. It is evident that
the introducing of nickel dopant inhibits their crystal-
lization.

In order to investigate the dependence of crys-
talline structure on the annealing temperature, XRD
patterns of the sample with x = 0.02 annealed at dif-
ferent temperatures for 1 h are shown in Fig.2.
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Fig.2. XRD patterns of Sng.9gNip.0202 annealed at dif-
ferent temperatures.

With the increase of annealing temperature, the full
width at half maximum (FWHM) of the peak de-
creases and the intensity of the peak increases obvi-
ously, which shows that the size of the grain becomes
larger and the structure of the lattice becomes better.
For the lower annealing temperatures, the obtained
samples are of imperfect lattice structure and have
smaller grain sizes. For the tetragonal structure, the
lattice parameters can be calculated from
2 2 2
hkl

where h, k, and [ are all integers, (hkl) is the lat-
tice plane index, and a and c are lattice constants.
The obtained lattice constants are presented in Table
1, in which a and c are calculated from XRD peaks
(110) and (101), Aa and Ac are the differences be-
tween the measured lattice constant and that of the
standard SnO, for a = 4.738 A and ¢ = 3.188A re-
spectively. From Table 1, it can be seen that both a
and c increase with annealing temperature increasing.
It is reported that when the annealing temperature is
close to 400°C, there appear rapid decreases in den-
sity of vacant lattice sites, vacancy clusters, and lo-
cal lattice disorders, and a rapid resumption of lattice
parameters.2?! So it is reasonable for Aa and Ac to
diminish with the annealing temperature increasing.
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Table 1. The lattice constants of Sng.ggNig.02O2 annealed at different temperatures.

Annealing temperature /°C 260(110) 26(101) a/A Aa/A c/A Aa/A
650 26.585 33.875 4.7379 0.0001 3.1863 0.0017
500 26.615 33.905 4.7326 0.0054 3.1840 0.0040
350 26.640 33.920 4.7287 0.0093 3.1833 0.0047
The morphologies of two typical samples annealed ] 36

at 350°C for 1h are shown in Fig.3, in which (a) and \

(b) correspond to = 0.02 and 0.05, respectively. As E 1 E 3.5 —

indicated in Fig.3, not only the grain size is reduced E 134 \

by nickel dopant, but also the grain shape is largely S .

changed. Besides some spherical grains with a size of § A 3BT 34 5

about 12nm, sample with x = 0.02 is composed of ;3\ /%

some nano-rods with an average aspect ratio of about S —°—5n0.95Nio.05O2

10 and a length of about 100nm. The nanorods were 14~ Sn02

also observed in Co-doped SnO, powders.!'® How- T T

ever, the sample with = 0.05 contains only spherical
grains with a size of about 10nm. The nano-particles
are relatively well separated. As verified by XRD mea-
surement, that the grain size can be reduced by nickel
doping is also confirmed by TEM.

Fig.3. TEM images of Sni_,NizO2, with (a) z = 0.02
and (b) z = 0.05, respectively.

To determine the absorption band edge, we fit the
absorption data to Eq.(2)*

(ahw)? o (hw — Ey), (2)

where hw is the photon energy, o is the absorption
coefficient, and E; is the absorption band gap energy.
E; is given by extrapolating the linear region to zero
absorption. Figure 4 shows this fitting for the two
typical samples annealed at 350 °C with x = 0 and =
= 0.05, and the inset shows Ej; as a function of .

2 3
hw/eV
Fig.4. (ahw)? versus photo energy curve. The solid line

is a linear fit to the experimental data. The inset shows
the band gap energy as a function of nickel doping level x.

As determined in Fig.4, the band gap energies are
3.56eV and 3.34€eV for samples with z = 0 and = =
0.05, respectively. Band gap energy shows a narrowing
effect of nickel doping. The band gap narrowing with
Fe-doping has also been observed,[?! however, there
is no clear understanding of this phenomena. As the
band gap energy increases with x for Zn;_,Fe,Se and
Zn;_,Co,Se but decreases with z for Zn_,Mn,Se,
the influence on band gap energy is different from that
for various 3d transition metal dopants. In the case
of Snj_;Mn,Os, the band gap increasing with x for
x < 0.11 is attributed to the hybridization between
localized Mn d states located near the band gap and
O p-like valence bands, and the decrease in the band-
gap energy for higher z is interpreted as originating
from SnO2-MnO; alloying effects (the band gap of
MnO is about 2eV).1?2l The optical properties of such
alloys have been studied by Barreau et al.l?3! If A and
B are semiconductors, the gap, when xA is present in
(1 — 2)B, is given in the linear model often used, by

E = Eg — (Eg — Ea)x, 3)

where Ep, Ex and E are the optical band gap val-
ues of B, A and the alloy A,.Bi_,, respectively. For
our samples, since the band gap of NiO (3.54¢V)[24
is almost the same as that of pure SnOy (3.56€V),

the alloying effect due to NiO is so small that it can
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be neglected. On the other hand, as confirmed by
XRD measurements, the presence of nickel dopant in-
hibits crystallization, so there should be more amor-
phous SnO,_, phases in nickel doped SnO; than in
pure SnOs. As the band gap energy of amorphous
SnO,_, phase is about 2.3 eV,[2%) the alloying effect
due to amorphous SnO;_, should be responsible for
the band gap narrowing effect. To explore the amor-
phous SnOy_, effect on band gap energy, the band
gap energy of Sngg5Nip 0502 as a function of anneal-
ing temperature is illustrated in Fig.5.
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Fig.5. The band gap energy of Sng.95Nip.0502 as a func-
tion of annealing temperature.

With the annealing temperature increasing from
350°C to 800°C, the band gap broadens rapidly, and
then increases slowly, and finally reaches a saturation
value of 3.44eV, a possible interpretation of which
is that, with annealing temperature increasing, the
quantity of amorphous SnOs_, decreases and finally
vanishes, so that the band gap becomes larger and fi-
nally stabilized. Since the saturation value of band
gap of 3.44¢eV is still smaller than that of pure SnO,
(3.56eV), there should exist other factors contribut-
ing to the band gap narrowing effect. Kim et al['¢]
presented a sp-d hybridization model to interpret the
band gap narrowing effect of Zn;_,Mn,Se. We think
that the band gap energy modified in our samples
should be partly related to this model, however, much
work is still required to clarify the mechanism of the
influence of 3d transition metal dopants on the band
gap energy of SnOs.

The PL spectrum can be used to conveniently in-
vestigate the structure and defect or impurity levels.!”!
Figure 6 shows the room temperature PL spectra for
pure SnOs and Sng g5Nig.g502 annealed at 350 °C for
1h.
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Fig.6. Room temperature PL spectrum of two typical
samples with z = 0 and = = 0.05.

The PL spectra of both samples each show a strong
UV emission peak at 389nm (3.188eV) and a broad
blue emission near 470 nm (2.638€V). Since the emis-
sions are both lower than the band gaps of pure SnO4
(Es = 3.56€eV) and Sng.g5Nig.0502 (Eg = 3.34eV),
the emissions cannot be assigned to the direct recom-
bination of a conduction electron in the Sn 4p band
and a hole in the O 2p valence band. This is similar
to that illustrated by Gu et al.l®) The UV emission is
reported in Refs.[3,6,7,26,27]. Kim et all® reported
a weak peak at 3.13eV, emitted from undoped SnOq
at low temperatures and room temperature, and they
thought that the origin of the peak was related to de-
fects, or nanocrystalline grains, or defect levels associ-
ated with oxygen vacancies or tin interstitials resulting
from the nanosize of the SnO; film. Thereafter, Jin
et all”l concluded that the PL peak at 3.1eV was re-
lated to the structural defects and the peak at 2.4eV
was due to oxygen vacancies. Furthermore, Wang et
al® reported that the oxygen vacancies did not play
an important role in the origin of the UV emission at
3.16eV of Sb doped SnOs. As considered in our sam-
ples, the polycrystalline nano-SnOs grain assemblage
has a large number of defects: vacancies of oxygen,
vacancy clusters, and local lattice disorders at the in-
terface and interior surface. It is difficult to identify
the origins of UV and blue emission. It can be seen
from Fig.6 that nickel doping does not change the peak
positions, which is in good agreement with the result
reported in Mn doped ZnO experiment./?®! The ratio
of UV to blue emission, rather than the absolute PL
intensity, is used for comparison since it is not possi-
ble to ensure that the same number of samples can be
probed. The ratio of UV to blue emission decreases
from 3.807 to 3.604 with x increasing from 0 to 0.05.
The annealing temperature does not change the PL
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peak positions, but the ratio of UV to blue emission
decreases with the annealing temperature increasing
as shown in Fig.7. These PL phenomena are still not
clearly understood now.
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Fig.7. The ratio of UV to blue emission as a function of

annealing temperature.

4. Conclusions

As a conclusion, SnQO; nano-powder samples
doped with nickel are successfully prepared. XRD
measurements indicate that the grain size becomes
larger and the structure of lattice grows better with
nickel content decreasing. The obtained samples are
polycrystalline with rutile structure of pure SnO9 and
no impurity phases existing. The band gap dimin-
ishes with the increasing of nickel content. The PL
spectrum consists of a strong UV peak at 389nm
(about 3.188eV) and a broad blue peak near 470 nm
(about 2.638eV). Nickel doping does not change the
PL peak positions while the intensity ratio of UV /blue
decreases. With the sintering temperature increasing,
the ratio of UV /blue decreases, and the band gap in-
creases and finally is saturated.
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