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Abstract: Colloidal indium-doped zinc oxide (IZO) and tin-doped zinc oxide (ZTO) nanoparticles were successfully prepared in organic so-
lution, with metal acetylacetonate as the precursor and oleylamine as the solvent. The crystal and optical properties were characterized by
X-ray diffraction, UV—visible spectrophotometry, and fluorescence spectroscopy, respectively; the surface and structure morphologies were
observed by scanning electron microscopy and transmission electron microscopy. The XRD patterns of the IZO and ZTO nanoparticles all
exhibited similar diffraction peaks consistent with the standard XRD pattern of ZnO, although the diffraction peaks of the [ZO and ZTO na-
noparticles were slightly shifted with increasing dopant concentration. With increasing dopant concentration, the fluorescent emission peaks
of the IZO nanoparticles exhibited an obvious red shift because of the difference in atomic radii of indium and zinc, whereas those of the
ZTO nanoparticles exhibited almost no shift because of the similarity in atomic radii of tin and zinc. Furthermore, the sizes of the [ZO and
ZTO nanoparticles distributed in the ranges 2040 and 20-25 nm, respectively, which is attributed to the difference in ionic radii of indium

and tin.
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1. Introduction

Semiconductor materials have attracted much research
interest because of their broad range of applications in vari-
ous fields in modern information society. Metal oxides, with
a band gap of 2-3 eV or greater, usually have a low carrier
concentration and high resistivity at room temperature [1].
When incorporated into a donor or acceptor impurity, the
metal oxides can become semiconductors. If their band
gap is greater than 3.1 eV, metal oxide semiconductors will
exhibit excellent transparent performance in the visible re-
gion and exhibit an electrical conductivity comparable to
that of metals [2-3]. In the case of In,03, for instance, the
resistivity of an Sn-doped In,O; (ITO) thin film can be as
low as 7.5 x 10~ Q-cm and its average light transmittance
in the visible region can be as high as 90% [4]. Metal oxide
semiconductors therefore have a wide range of applications
in solar cells [5-6], light-emitting diodes [7], field-effect
transistors [8—12], and other devices [13—14]. Current re-
search on metal oxide semiconductors is mainly focused on
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In,0;, ZnO, SnO,, Ga,0;, and their metal alloys.
Waurtzite-structured ZnO is a semiconductor with a wide
direct band gap, E, = 3.37 eV; it exhibits excellent optical,
electrical, magnetic, piezoelectric, thermoelectric, ferroelec-
tric, and gas- and pressure-sensitive performances [15-17].
Extensive research efforts have been devoted to ZnO for
decades. With the advancement of such research, ZnO has
gradually attracted more interest as a new superior
short-wave-emitting material whose range of applications is
constantly expanding. When ZnO is doped with suitable
donors, its resistivity is effectively reduced and its conduc-
tivity correspondingly improved [18]. Because ZnO itself is
a polar semiconductor that exhibits n-type conductivity with
an electron concentration in the range from 10" to 10'® cm ™,
n-type doped ZnO nanomaterials are easily obtained through
doping with appropriate metal ions. The elements suitable
for n-type doping are mainly those of groups III and IV, such
as Al, In, Ga, and Sn. For instance, Rozati ef al. [19] used a
pyrolysis technique to synthesize indium-doped zinc oxide
(IZO) and investigated the effect of substrate temperature on
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its physical properties. Fu et al. [20] reported the synthesis of
Zn,Sn0Oy, a certain kind of tin-doped zinc oxide (ZTO), using
a hydrothermal method in a water/ethylene glycol solution
containing amines (ethylamine, n-butylamine, n-hexylamine,
and n-octylamine) as mineralizers. Shi et al. [21] synthe-
sized 1ZO nanowires using electrodeposition and oxidation
methods and subsequently characterized them by atomic
force microscopy (AFM) and measurements of their optical
properties. Thus, these previous studies indicate that the
morphology and properties of IZO and ZTO vary depending
on the synthetic route.

Various methods have been developed to prepare un-
doped and doped ZnO; however, many of these methods
have shortcomings, such as a broad size distribution, low
crystallinity, high cost, and complex operation, etc. Recently,
Choi et al. [22] reported a simple one-pot synthesis of col-
loidal, monodispersed, and highly crystalline ITO nanopar-
ticles.

In this work, we synthesized IZO and ZTO nanoparticles
in one pot under an N, environment using metal acetylace-
tonate and oleylamine as the precursor and reaction solvent,
respectively. The dopant concentration was varied in the
range from 3at% to 10at% to obtain the metal oxide semi-
conductor. We subsequently investigated the crystallization
performance, size distribution, and optical properties of the
synthesized 1ZO and ZTO nanoparticles using X-ray dif-
fraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), UV-visible
(UV—vis) spectrophotometry, and photoluminescence (PL)
spectroscopy.

2. Experimental
2.1. Materials

Zinc acetylacetonate (Zn(acac),, purity > 96.0%), tin
bis(acetylacetonate) dichloride (Sn(acac),Cl,, purity 98%),
and oleylamine (C;gsH3;N, purity > 50%) were purchased
from Tokyo Chemical Industry (TCI). Indium acetylaceto-
nate (In(acac);, purity > 99.9%) was purchased from Sig-
ma-Aldrich. All chemicals were used as received without
further purification.

2.2. Synthesis of IZO and ZTO nanoparticles

A typical preparation of IZO nanoparticles was carried out
as follows. A slurry of In(acac); and Zn(acac), metal precur-
sors was first added to a 50-mL three-neck flask in an appro-
priate molar ratio, such as In/Zn = 3%, 5%, and 10%. Oley-
lamine was then added to ensure a (Zn>"+ In*")/oleylamine
molar ratio of 1:48. The reaction system was pumped with a
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diaphragm vacuum pump and filled with nitrogen. The pro-
cedure was repeated three times to ensure that the reaction
system was completely kept in a nitrogen atmosphere. After
that, the reaction mixture was heated at 210°C for 5 h under
continuous stirring. After the reaction was completed, the
system was gradually cooled to room temperature and an
excess amount of ethanol was added to the solution to in-
duce precipitation of nanoparticles. The precipitate was cen-
trifuged and washed with ethanol three times. The obtained
product was divided into two parts: one was dried in a va-
cuum oven for SEM and XRD characterization, and the
other was dispersed in dichloromethane for collected of the
UV—vis absorption and PL spectra and for TEM observa-
tion.

The method used to prepare ZTO nanoparticles was sim-
ilar to that used to prepare the IZO nanoparticles, except
with Sn(acac),Cl, and Zn(acac), as precursors. The reaction
conditions and subsequent processing were the same as
those in the synthesis of IZO nanoparticles. During the reac-
tion, oleylamine can accelerate the rate of formation of solid
solution while simultaneously serving as a good surfactant.
The use of oleylamine can therefore promote the formation
of spherical nanoparticles [23].

2.3. Characterization

The crystallinity of the IZO and ZTO nanoparticles was
characterized using a DMAX-RB X-ray diffractometer
equipped with a Cu K, radiation source operated at 40 kV
and 150 mA; the instrument was operated in reflection mode
and at a scanning rate of 10°min"'. The UV—vis absorption
spectra and fluorescence emission spectra were collected on
a JASCO V570 spectrophotometer and FL-4500 spectro-
photometer, respectively. The morphology of the 1ZO and
ZTO nanoparticles was observed using a FEI-F20 transmis-
sion electron microscope and an S-4800 scanning electron
microscope.

3. Results and discussion
3.1. Optical properties

UV—vis absorption spectra of IZO and ZTO nanopar-
ticles with various doping concentrations of In and Sn ions
are shown in Figs. 1 and 2, respectively. A maximum ab-
sorption peak is observed at approximately 232 nm and a
low absorption peak with similar strength is observed at ap-
proximately 275 nm for both IZO and ZTO nanoparticles.
The difference is that the maximum absorption peak for IZO
exhibits a slight red shift with increasing dopant concentra-
tion: it shifts to 231, 234, and 239 nm for samples with a
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doping concentration of 3%, 5%, and 10%, respectively. On
the contrary, no obvious red or blue shifts are observed for
the absorption peaks of the ZTO nanoparticles.
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Fig. 1. UV-vis absorption spectra of the IZO nanoparticles
with 3%, 5%, and 10% of In ions.
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Fig. 2. UV-vis absorption spectra of the ZTO nanoparticles
with 3%, 5%, and 10% of Sn ions.

The difference in the UV—vis absorption features for IZO
and ZTO are ascribed to the radius difference between in-
dium and tin ions. The reason for the red shift with increas-
ing doping concentration of indium in IZO may be due to
the replacement of Zn>" ions (0.074 nm) by In*" ions with a
larger ionic radius (0.081 nm) in the IZO crystals. The de-
fect energy level is well known to lie between the valence
band and the conduction band. When a crystal is doped, the
electrons and holes will recombine between the defect level
and the valence band of the impurity, causing a shift of the
absorption or emission peak [24]. With increasing In*" con-
centration, the concentration of defects in the crystal in-
creases and the band gap decreases. However, with increas-
ing In** concentration, the average size of IZO nanoparticles
may increase, leading to diminished quantum effects.
Therefore, the maximum absorption peak of IZO exhibits a

red shift. In the case of the ZTO nanoparticles, the ionic ra-
dius of Sn*" (0.071 nm) is similar to that of Zn** (0.074 nm);
as a result, no obvious shift is observed with different con-
centrations of tin ions.

PL spectra of the IZO nanoparticles with various concen-
trations of indium ions are shown in Fig. 3. Two obvious
emission peaks appear at approximately 410 and 470 nm.
With increasing indium content, the main peak exhibits an
obvious red shift. However, the second peak shows no ob-
vious deviation and its relative intensity increases substan-
tially. According to the literature, the main emission peak
generally corresponds to an exciton emission peak, whe-
reas the second peak is caused by defects or dopants in a
sample [25]. The results of this previous work suggest that
the defects in IZO increase with increasing indium content.
Table 1 shows the maximum emission peak and the
band-gap value calculated from the emission spectra of 1ZO.
These results indicate that the band gap decreases with in-
creasing doping concentration of In ions.
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Fig. 3. Fluorescence emission spectra of the 1ZO nanopar-

ticles with 3%, 5%, and 10% of In; the excitation wavelength is

275 nm.

Table 1. Band gap values of the IZO nanoparticles calculated
from the fluorescence emission spectra with an excitation wa-

velength of 275 nm
In** content /% Emission peak /nm Calculated band gap / eV
3 404 3.07
5 413 3.01
10 422 2.94

Fig. 4 shows the PL emission spectra of the ZTO nano-
particles. No significant shift is observed for any emission
peak, and the results of the fluorescence emission characte-
rization are consistent with those of the UV—vis absorption
characterization. The fluorescent emission peak of the ZTO
appears at 345 nm, and the band gap of ZTO is 3.60 ¢V,
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which is higher than that of ZnO (3.37 eV). By contrast, the
fluorescent emission peak of the IZO appears at 410 nm and
the band gap of 1ZO is approximately 3.03 eV, which is
lower than that of ZnO. These difference fluorescent emis-
sion characteristics are also caused by the different ionic ra-
dii of the doping elements.
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Fig. 4. Fluorescence emission spectra of the ZTO nanopar-
ticles with 3%, 5%, and 10% of Sn; the excitation wavelength
is 275 nm.

Notably, the UV—vis absorption and PL spectra change
only slightly for the IZO nanoparticles and even remain
constant for the ZTO nanoparticles at various doping con-
centrations, which may be detrimental for certain applica-
tions that require a relatively high emission intensity. How-
ever, it is advantageous for applications that require a me-
dium emission intensity in visible-light region. In addition,
if elements with ionic radii greater than the ionic radius of
In*" are used as dopants, the doped nanoparticles might ex-
hibit substantially different emission characteristics com-
pared to those of 1ZO.

3.2. Crystal properties

The XRD patterns of the IZO nanoparticles are shown in
Fig. 5; the indexing of the major crystal planes—(100),
(002), and (101)—is shown in Fig. 6 for the 20 range from
30° to 40°. All diffraction peaks of the IZO nanoparticles
match well with those of the standard wurtzite ZnO (JCPDS
No. 36-1451) [26], except that a slight deviation from the
corresponding peak position for ZnO is observed for each
diffraction peak. This deviation is attributed to the replace-
ment of In*" with Zn*" with different ionic radii and demon-
strates that, when the doping concentration is low, the crystal
structure does not obviously change; it also demonstrates that
sharp, high-intensity diffraction peaks indicate good crystal-
line properties of the IZO nanoparticles. According to the
Debye—Scherrer equation, the calculated average crystallite
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size of 1ZO is 17.8, 18.3, and 18.1 nm for the IZO nanopar-
ticles with indium contents of 3%, 5%, and 10%, respectively.

JCPDS: 36-1451

G

=

S (b)

=)

g

= ©
00
FgTﬁ)(101) (102)  (110)(103) (11,
PO PO S O 1 I
30 40 50 60 70 80

20/(%)

Fig. 5. XRD patterns of the IZO nanoparticles doped with
3% (a), 5% (b), and 10% of In** (c).
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Fig. 6. XRD patterns in the 26 range from 30 to 40° for the
1ZO nanoparticles doped with 3% (a), 5% (b), and 10% of In**
(©.

The XRD patterns of the ZTO nanoparticles with differ-
ent tin contents are shown in Fig. 7. All of the patterns show
strong diffraction peaks corresponding to the (100), (002),
and (101) planes. When the relative intensity of the (101)
plane (1;) was set to 100%, the relative intensities of the
(100) (1) and (002) (/5) planes were calculated to be 55.1%
and 41.1%, respectively. Meanwhile, each diffraction peak
is consistent with the standard line of wurtzite ZnO, indicat-
ing that the crystallization behavior of ZnO doped with a
small amount of tin is the same as that of ZnO. This result
suggests that no SnO, or Zn,SnO; is generated separately in

the reaction. During the synthesis, Sn** replaces Zn*" in the
ZnO lattice and generates a solid solution of zinc and tin
oxides. The average crystallite size of ZTO calculated ac-
cording to the Debye—Scherrer equation is 13.9, 15.1, and
16.5 nm for the nanoparticles with tin contents of 3%, 5%
and 10%, respectively.
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Fig. 7. XRD patterns of ZTO doped with 3% (a), 5% (b), and
10% (c) of Sn*".

3.3. Surface and structure morphology

Fig. 8 shows the SEM images of the 1ZO and ZTO na-
noparticles. The IZO and ZTO nanoparticles distribute

(@

uniformly and compactly with good surface morphology,
and most are spherical except for a small number with po-
lygonal shapes. These polygonal particles may be due to the
agglomeration of nanoparticles doped with In and Sn. In ad-
dition, the ZTO nanoparticle size distributes between 20 and
25 nm, whereas the IZO nanoparticles are larger, ranging
from 20 to 40 nm. Compared with the XRD analysis results,
the nanoparticle sizes observed in the SEM images are much
larger. One possible reason for this discrepancy is that the
size calculated by the Debye—Scherrer equation is that of
crystallites and is an approximation [27]. Another possible
reason is that spherical particles are polycrystalline, con-
taining more than one IZO or ZTO crystallite.

The TEM images of the IZO and ZTO nanoparticles are
shown in Fig. 9. The shape and size of the obtained nano-
particles are all consistent with that shown in the SEM im-
ages. The ZTO nanoparticles are almost spherical with a more
uniform size distribution, whereas the 1ZO nanoparticles

Fig. 8. SEM images of the IZO nanoparticles doped with 3% (a), 5% (b), and 10% (c) of In*" and the ZTO nanoparticles doped

with 3% (d), 5% (e), and 10% (f) of Sn**.
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e

Fig. 9. TEM images of the IZO (a) and ZTO (b) nanoparticles.

are uniform and some are larger and clearly agglomerated.
This difference between IZO and ZTO shapes and sizes may
be due to the difference in their ionic radii. When Zn*" is
substituted by larger In’", more impurity defects appear
within the nanoparticles, ultimately resulting in an irregular
particle shape. However, the ionic radii of Sn*" and Zn*" are
very similar; the ZTO nanoparticles are therefore more reg-
ular in shape and size.

4. Conclusion

1ZO and ZTO nanoparticles with colloidal performance
and good optical properties were successfully prepared via so-
lution method involving the one-pot thermal decomposition of
metal acetylacetonate in an oleylamine solvent. ZnO nanopar-
ticles doped with a small amount of metal ions with an ionic
radius similar to that of Zn®" does not change the crystal prop-
erties of the ZnO, whereas the XRD diffraction peaks slightly
shift because of the difference in ionic radius between Zn*" and
the dopant metal ions. In addition, the difference in ionic ra-
dius of the doping element also affects the optical properties
and the nanoparticle size and morphology. With increasing
impurity concentration, the fluorescence emission peaks of
1ZO exhibit an obvious red shift, whereas those of ZTO exhibit
almost no shift. The energy band gap of IZO is higher than that
of ZnO, whereas the band gap of ZTO is lower.
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