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Abstract Crystalline indium doped zinc oxide (IZO)
nanopowders were synthesized using hydrothermal treat-
ment processing. Increasing the doping ratio of indium in
the zinc oxide significantly influences the phase structure
and shape of the nanopowders resulting in nanorod to
nanoparticulate morphologies. As the doping profile
increases, the crystallite size decreases, the band gap
energy blue shifts and the specific surface area increases
(measured by BET method). Additionally Raman spec-
troscopy exhibited shifts of several peaks, as well as
revealed new peaks, confirming the substitution of indium
ions within the zinc oxide lattice sites. An [ZO suspension
made of IZO nanoparticles (In/Zn = 3 atm.%) with a zeta
potential greater than 30 mV at pH = 6 was successfully
spin-coated on glass substrates for to make transparent
conductive coatings evincing sheet resistances as low as
35kQn (p =49 x 1073 Q m,) with transmission in the
visible range as high as 90 %.
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1 Introduction

Zinc oxide, as a wide band gap semiconductor of band gap
of 3.37 eV, with a high exciton binding energy of 60 meV
and its high electron mobility makes it technologically
important. So that it is intensively studied and widely used
in multidisciplinary applications, such as in solar energy
conversion, thin film transistors, catalysis, nonlinear optics,
gas sensors, pigments, cosmetic, etc. [1-13]. Nanostruc-
tured size zinc oxide can be found in different forms, like
nanoparticles, nanorods, nanobelts, nanoflowers, etc. [14—
18]. Doping zinc oxide with some elements like aluminum,
gallium, boron, niobium and indium [19-23] have a great
impact for enhancing the optical, electrical, thermal and
magnetic properties. Indium doped Zinc oxide (IZO)
nanostructured materials are considered a favorable nano-
material for transparent conducting layers [24] gas sensors
[25] and photodetectors due to their promising opto-elec-
trical properties [26].

The electrical properties of transparent conducting elec-
trodes depend mainly on the charge carrier density as well as
their mobility. The increase of the charge carrier density can
be achieved by deviating the stoichiometry, owing to oxygen
deficiency, which is normally obtained by a reducing treat-
ment, or by doping the host lattice with substitutive materials
(cationic or anionic). It is well known that the electrical
conductivity of ZnO-based TCOs can be significantly
improved via the incorporation of aluminium [27, 28] gal-
lium [29] or indium [30, 31]. The mobility of the charge
carriers is strongly influenced by the disorder in the crystal
structure resulting from the modification of the crystalline
periodicity due to doping. It is therefore strongly affected by
the different scattering processes of free charge carriers.

The use of sols, made of well crystalline dispersed
conductive nanoparticles, realize thick films with high
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transparency; however a very high thermal energy is nee-
ded to sinter the particles. A stable colloid id required to
produce a single layer with reasonable thickness using wet
chemical deposition techniques. However, the production
of thick films in a single step is still a challenge.

Most reports in literature regarding wet chemical
methods for preparing metal-doped zinc oxide films con-
cerns sol-gel method. Sol-gel method is a low cost and
attractive wet-chemical approach for TCO films prepara-
tion when sheet resistance is not of prime importance. One
of the drawbacks of this technique is the need for drying
and heat treatment at relatively high temperature to convert
the gel hydroxide film into a oxide phase. This step is
energy consuming and not suitable to many kinds of sub-
strates. In addition, numerous deposition—calcination
cycles are needed. Deposition using colloidal suspension of
already crystalline nanoparticles is another interesting
option, in which the crystallization step of the TCO
material is separated from the process of film formation. It
is worth mentioning that synthesis of transparent conduc-
tive coating starting with low cost materials like crystalline
ZnO nanoparticles with simple steps will be a significant
achievement for the industry to coat many kinds of sub-
strates especially formed glasses and polymeric substrates.

In this work indium doped zinc oxide nanopowders were
synthesized using hydrothermal processing for different
indium doping concentrations. The resulting nanopowders
were successfully dispersed in an organic solvent to pro-
duce transparent conductive layers on a glass substrate. The
optical, electrical and structural properties of the obtained
1ZO nanopowders and layers were studied.

2 Experimental work
2.1 TZO nanopowder synthesis

The Indium-doped Zinc Oxide (IZO) nanopowders were
synthesized using the precipitation and the growth process
in a liquid phase during a hydrothermal processing tech-
nique. The precursor solution was prepared by dissolving
18 g of zinc nitrate hexahydrate in 2-methoxyethanol as a
solvent, and stirred for 30 min till a clear solution is
obtained. The indium content was controlled by the change
in the atomic ratio of ethanolic solution of indium nitrate to
the zinc solution from 0 to 5 atm.%. The resultant solution
was heated up to 60 °C for 30 min under stirring, and then
an aqueous solution of sodium hydroxide (3 M) is slowly
added dropwise to the former solution under vigorous
stirring. A white suspension is formed and left under stir-
ring for 6 h at the same temperature (60 °C). The pH of the
solution is then adjusted between 11 and 13. The solution is
then cooled down to RT and kept stirring for 2 h to yield a

homogeneous solution. The solution was transferred to
hydrothermal treatment process at 200 °C for 6 h. The
obtained powder is then washed with bidistilled water and
centrifuged at 4,000 rpm for 30 min several times. Then
the resulted white powder is dried at 100 °C for 24 h. The
dried material is grinded using a hammer mill to reduce the
size of the agglomerates until a fine powder is obtained.

2.2 TZO coating sol

The IZO powder is wetted in a small amount of a mixture
of polyethylene glycol (PEG) and trioxadecneoic acid
(TODS), where PEG/TODS is 3:1 in weight. The amount
of TODS is adjusted to get a stable suspension at a pH
value of 6. The wetted powder is grinded by hand for
10 min using a hammer mortar to obtain a homogeneous
paste. The resulted paste is dissolved in 1-propanol, soni-
cated for 5 min in an ultrasonic bath, and then centrifuged
at 4,000 rpm for 10 min to remove the large remaining
agglomerates. The solid content of the IZO coating sol is
5 wt %.

2.3 Deposition technique

The prepared coating sol was used directly to be deposited
on borosilicate and quartz substrates using spin coating
technique. The spinning parameters were spinning speed of
1,000 rpm for 20 s. The wet layer is directly sintered in
oven at 600 °C for 15 min in air. For obtaining multilayers,
the single step spinning with the sintering process is
repeated several times. At the end, a sintering process for
30 min at 600 °C was carried out, followed by a post
annealing treatment in reducing atmosphere (forming gas
Ny: H, = 98:2) at temperatures between 300 and 500 °C
for 90 min.

2.4 1Z0 nano-powder, sol and coatings
characterization

The obtained IZO nanopowders with different doping
concentrations were characterized to determine the phase
structure and the crystallite size using X-ray Powder Dif-
fractometer, SIEMENS Type D500 employing a CuKo
radiation (A = 15,418 A) source and equipped with a
25 kV power. The crystallite size was calculated using
Scherrer equation. The specific (BET) surface area were
also determined at the saturation vapour pressure of liquid
nitrogen using an ASAP 2400, Micromeritics equipment.
The morphology of the nanopowders as well as the surface
morphology were imaged using a high-resolution scanning
electron microscopy FR-SEM (JSM6400F, JEOL) using
the secondary electron signal excited by a 10 keV primary
beam. The nanopowder structure were investigated using a
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transmission electron microscope (HRTEM-CM200 FEG,
Philips). The transmission, and absorption of the nano-
suspensions were measured using a CARY SE UV-VIS-
NIR spectrophotometer from Varian. The measurements
were carried out within the range 300-3,000 nm. All
measurements were done at room temperature. To inves-
tigate the local vibration modes Raman spectra was mea-
sures using the Raman spectrometer LabRAM ARAMIS.

The zeta potential of the coating solution was measured
using an Acoustosizer II equipment, Colloidal Dynamics
by titration of the sol.

The thermal behaviour of the sols and the coated
materials obtained after different post deposition treat-
ments were examined simultaneously by differential ther-
mal analysis and thermogravimetriv (TG) up to 1,000 °C at
a rate of 10 °C per minute using a Bihr Geritbau, STA501
equipment.

The sheet resistance (R4) of the films was measured
using the four-point probe technique. The electrical resis-
tivity (p) of the layers were calculated from the formula,
p = Rt where t is the layer thickness.

3 Result and discussion
3.1 Phase and structural properties
3.1.1 XRD

Figure 1 shows the X-ray diffraction patterns of 1ZO
nanopowders with different indium concentrations from 0
to 5 atm.%. The pattern depicted a decrease of the intensity
of the main peaks, more broadening of the peaks by
increasing the doping concentration. By monitoring the
position and the FWHM of all the peaks in the pattern, it is
found that the main peaks correspond to the polycrystalline
hexagonal zincite structure of ZnO, which are indexed on
the basis of JCPDS card no. 01-070-2551. A new signifi-
cant peak at 205 = 22, which corresponds to the Dzha-
lindite, syn cubic In(OH); phase, is found in the pattern.
This peak is growing by increasing the indium doping
concentration. This phase revealed that traces of new
phases exist beside the zincite hexagonal ZnO structure.
Furthermore, indium precursor with reactivity much higher
than that of zinc precursor may also lead to individual
nanocrystals with cubic structures [30].

A slight shift to lower diffraction angles, and a peak
broadening are observed by increasing the concentration of
the indium dopant from O to 5 mol %. The slight variation
in the peak broadening and angle diffraction may be
referred to the substitution of indium ions in the sites of
Zn** [32]. The variation in the crystallite size are depicted
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Fig. 1 XRD patterns of dried pure and In doped ZnO powder with
different In concentrations

in Table 1, where smaller grains are observed by increasing
the In doping ratio.

3.1.2 SEM and TEM

Figures 2 and 3 show the SEM and TEM morphology with
different magnification of IZO nanopowders for different
doping concentration. It is observed in Fig. 2a—d a
remarkable dopant induced shape evolution in the case of
increasing the doping ratio. The pure zinc oxide (Fig. 2a)
exhibited a rod like shaped structure, where their lengths
ranged from 70 to 300 nm and diameter between 30 and
60 nm. It is demonstrated that the incorporation of indium
ions into the zinc oxide seeds affected the growth of the
host lattice and the nanostructured form. The rod shape
structure is shown for pure zinc oxide, which transforms
gradually to spherical nanoparticulate shape. It is exhibited
from the images, a reduction of the size of the nanoparti-
cles by increasing the concentration of indium dopant,
which is in agreement with the XRD data in Table 1.

The TEM images shown in Fig. 3 still appear the rodlike
polycrystalline nanostructure of the pure zinc oxide nano-
powder, which likely transformed to spherical nanostruc-
ture by doping the zinc oxide lattice. Figure 3b exhibited
an aggregation of nanoparticles for the 5 atm.% indium
doped zinc oxide sample with particle sizes distributed
over a range between 20 and 50 nm.

Table 1 The table shows the crystallite size as a function of the In
concentration in IZO nanopowders as calculated from the zincite
phase peaks

In doping concentration (atm.%) Phase name Crystallite size (nm)

0 Zincite 82
1 Zincite 56
3 Zincite 56
5 Zincite 29
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Fig. 2 SEM images with
different magnifications of
indium doped ZnO
nanopowders fora 0, b 1,
c3andd 5 atm.%
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Fig. 3 TEM images of the crystaline nanopowders redispersed in water a pure zinc oxide b 5 atm.% IZO with different magnification

3.1.3 UV_VIS Absorption

The energy gap of the synthesized pure and indium doped
zinc oxide nanopowders was determined from their UV—
VIS absorption spectra. Figure 4 (left) shows the absorp-
tion spectra of pure and In doped ZnO measured between
300 and 600 nm. The absorption edge of the spectra is
shifted to a higher energy (blue shift) by doping the zinc
oxide with indium ions, where a reduction of the particle
size is observed. The blue shift of the absorption position
can be assigned to the direct transition of electrons in the
zinc oxide nanocrystals. The energy band gap (E,) values
can be obtained from the absorption coefficient o, which
can be calculated as a function of the photon enegy (hv).
The relationship between the absorption coefficient and
photon energy can be expressed as [33].

(ahv)*= C(hv — E,)

where C is a constant. o can be calculated from the
expression oo = A/d, where A is the measured absorbance
and d is the thickness of the sample in the UV-Vis cell.
The E, value can be obtained by extrapolating the linear
portion of the graph of (ahv)? versus hv, which has been
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shown in Fig 4 (right). The obtained value for pure zinc
oxide is 3.16 eV and increased to 3.21 eV for In doping
ratio of 1 atm.% and a further slight increase to 3.23 for In
doping of 5 atm.%. These values of energy gap are smaller
than that of 3.3 eV reported for single crystalline ZnO
samples, which may be related to the presence of vacancies
and dopants [34].

3.1.4 Raman spectroscopy

In order to check the influence of indium doping on zinc
oxide, a Raman spectroscopy measurements were carried
out at room temperature. Figure 5 exhibited the Raman
spectra of the pure zinc oxide compared with the spectra of
3 and 5at.% of indium doped zinc oxide samples. The
Raman spectrum from the pure ZnO nanopowder exhibited
a well-defined narrow peak at 440 cm™' which is blue
shifted by +3 to the assigned peak of the two E2 modes.
This is in a good agreement with that of wurtzite ZnO [34].
The peaks at 334, 380, 480, 539, and 656 cm ™! are related
with a small shift to the E2 "&"—E2 1°% A1 (TO), E1(TO),
2B1Y (2LA), and TA + LO, respectively [35]. Such
bands are assigned as second order Raman spectrum arising
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Fig. 4 UV/VIS absorption of
pure and indium doped zinc
oxide nanopowders redispersed
in ethanol (leff) and (ahv)?
versus the photon energy hv
curve (right)
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Fig. 5 Raman spectrum of pure and indium doped zinc oxide nanopowders

from the zone boundary phonons. The shift in the peaks
compared with the theoretical values may refers to the
optical phonon confinement by the nanorod structure [36].

The Raman spectrum of indium doped zinc oxide
samples revealed a shift of the peaks at 334, 380, 440 cm ™!
and a weakness of the peaks at 480, 539, and 656 cmfl,
which related to the substitution of indium ions in the zinc
oxide lattice. New additional vibration peaks at 312, 358,
396, 571 and 639 cm™' are shown assigned to the doped
zinc oxide samples. According to some reports, the new
peaks in the IZO samples, may be attributed to the indium
impurities phases, which confirms the peaks revealed in the
XRD patterns shown in Fig. 1 [37, 38].

3.1.5 BET Surface area

The surface area of the pure and indium doped zinc oxide
nanopowders were measured. The results shown in Fig. 6
revealed the increase of the BET surface area of the sam-
ples as a function of the doping concentration. The gradual
increase of the BET surface area from 11 to 16 mz/g by
increasing the doping ratio from O to 3 atm.%, and a sig-
nificant increase to 33 m?/g was observed for the sample of
the 5 atm.% doping ratio. This is in consistent with the
results of the measurements of the crystallite size given
from the XRD pattern and the SEM images given in table 1
and Fig. 2.
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Fig. 6 The BET surface area of IZO nanopowders as a function of
indium doping concentration

3.2 Coating sol characterizations
3.2.1 Zeta potential

The measurement of the Zeta potential is a good index of
the magnitude of the interaction between the colloidal
particles and is used to assess the stability of a colloidal
system as a function of the pH. The zeta potential of the
colloidal sol was tested to check the the stability of the
colloidal IZO nanoparticles in terms of the pH value as
shown in Fig. 7. The surface of the IZO nanoparticle
exhibited high zeta potential in both acidic and basic
medium, which means that the repulsive force between the
particles could overcome the Van der Waal forces. The
isoelectric point (IEP) of the sol is 9.2, where the IEP of
zinc oxide found in the literature ranges from 8.7 to 10.3
[39, 40]. So that a sol of pH = 6 is used for depositing
transparent conducting layers on glass substrates in this
work.

40 -

20 -

-20 4

Zetapotential [mV]

40 -

PH

Fig. 7 Zeta potential of IZO suspension as a function of pH
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3.2.2 Thermal analysis

In order to better understand the components and thermal
behavior of the as-synthesized coating sol composed of
1ZO nanoparticles (In: Zn = 3 atm.%) dispersed in PEG
and the dispersive agent TODS, TG and DSC were carried
out as shown in Fig. 8. The DSC thermograms of the as
synthesized IZO paste showed a weak broaden exothermic
peak centered at 180 °C corresponding with a weight loss
of about 7 %. This loss may referred to the decomposition
of the adsorbed OH species. An abrupt weight loss of more
than 60 % is observed between 250 and 470 °C, accom-
panied by a wide exothermal peak centered at T = 346 °C.
This was as a result of the degradation of the organic
groups of polyethylene glycol and the shoulder at
T = 420 °C is attributed to the decomposition of the
TODS. At temperature greater than 500 °C, almost no
extra weight loss is observed, which means that the
removal of all organic species in the IZO paste. This
indicates that no phase transition occurred at temperature
higher than 500 °C.

3.3 Thin film characterizations
3.3.1 XRD

Figure 9 shows the X-ray diffraction patterns of ZnO thin
films doped with indium (In/Zn: 3 atm.%) deposited on
borosilicate glass and sintered at 600 °C. It can be seen
from the pattern that all samples are polycrystalline and
exhibit the single-phase ZnO hexagonal wurtzite structure.
The peak intensities of the film are different from that of
the particles shown in Fig. 1, where an increase of the
growth into the [100] orientation more than the growth into
the [002] orientation. This may referred as a result from the
sintering of the nanoparticles, which indicates that heating

100 .,
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T = DSC/(mW/mg)

90
80+
70 4

60

DSC (mWig)

50

Weight Loss (%)

40

0T L LN LY PO -2
100 200 300 400 500 €00 700 800 900 1000
T(°C)

Fig. 8 TG and DSC for 1ZO paste (In/Zn: 3 atm.%)
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Fig. 9 XRD pattern of spin coated 1ZO layer (In/Zn: 3 atm.%)
deposited on borosilicate glass substrate and sintered at 600 °C

up to 600 °C deteriorates the crystallinity of the layers,
which may be due to the formation of stress induced by ion
size difference between zinc and indium and the segrega-
tion of indium ions in grain boundaries for high tempera-
ture sintering.

3.3.2 Electrical and optical properties

The electrical properties of indium doped zinc oxide
coatings were characterised as a function of the doping
concentration (Fig. 10). As shown, the electrical specific
resistivity of spin coated IZO layer sintered in air at
T = 600 °C first decreases with increasing In concentra-
tion, passes by a minimum at around 2-3 atm.% and then
increases. Undoped zinc oxide layer has a high electrical
resistivity,p = 55 Q.cm (Rp > 10 MQ). The minimum
resistivity is about 6 x 107" Q.cm (Rp = 92 kQn) at In
concentration of 3 atm.%. It is expected that the reduction
of resistivity of the layer by doping zinc oxide referred to
the increase of the carrier concentration, which originated

[ ]
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— - ]
E 5
] ; J
S n
a 48
14 ‘., .
0 1 2 3 4 5

In ratio (at%)

Fig. 10 Specific electrical resistivity of spin coated IZO layer on
borosilicate glass substrate sintered at 600 °C and followed by
reducing in forming gas as a function of indium doping concentration
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Fig. 11 The sheet resistance and the transmittance at A = 550 nm of
spin coated multilayers of IZO (In: Zn: 3 tm. %)

from the substitution of In®" ion for Zn*" ion releases one
electron in the lattice contributing to the conductivity. The
resistivity of the film is raised to 6.6 Q cm at 5 atm.% In
concentration, which may as a result from the grain
boundaries due to the smaller crystallite size. In addition to
that, more indium concentration behaves like electron
traps, which reduces the charge carrier concentration.

The sheet resistance of IZO layers were studied as a
function of number of the layers sintered at 600 °C, and
post annealed at 400 °C under forming gas as shown in
Fig. 11. The sheet resistance of a single layer is high,
almost 1 MQp, which decrease sharply by increasing the
number of layers. A sheet Resistance as low as 35 kQp is
measured for 7 layers. The multilayers still exhibited high
transmittance between 93 to 86 % when the number of
layers increased from 1 to 7.

Figure 12 shows the transmission spectra in the UV-
VIS-NIR region for one, three and seven IZO layers

100+
80 4
60 -
S
_ 300 400 500 600 TOO
40 % (nm)
.".’rlf
20 1 layer
3 layers
7 layers
0 T T T T T 1
500 1000 1500 2000 2500 3000
A(nm)

Fig. 12 Optical transmission spectrum in the UV-VIS-NIR region of
1ZO coatings deposited on borosilicate substrates sintered in air at
600 °C with further annealing under reducing atmosphere for
different layers
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(doping concentration 1 atm.%) deposited on borosilicate
glass, sintered in air at 600 °C in air. All layers exhibited a
high transmission in the visible range (400-700 nm). The
thicker the layer is, the less transmission due to the high
absorption as shown in the inset of the Figure.

4 Conclusion

Crystalline indium doped zinc oxide (IZO) nanopowders
were synthesized using hydrothermal treatment processing.
The doping concentration affected the phase structure as
well as the shape of the nanopowders from nano rod-like
structure to nanoparticulate one. The specific BET surface
area increases with increasing the indium doping concen-
tration. The energy gap is blue shifted by increasing the
doping concentration related with a decrease in the crys-
tallite size. The IZO nanoparticulate suspension has a zeta
potential greater than 30 mV at pH = 6. Transparent
conducting coatings made using redispersable IZO sus-
pension were obtained. A sheet resistance as low as
35 kQp (p = 4.9 x 107° Q.m), and a transmission as high
as 90 % were obtained. It is recommended to emphasize on
the fact that the obtained result using nanoparticulate sus-
pension for depositing IZO transparent conductive coatings
needs more momentum in the process of the scientific
experimenting and research and opens an interesting gate
for the researchers in this field.
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