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Abstract. Aluminium doped zinc oxide films were prepared by electrospinning method through
deposition of fibers from sol-gel solution on a substrate. Samples were specially annealed after
deposition. Several annealing temperatures and heating and cooling rates are examined. Two
preparation routes giving both thin fibers with diameter near 40 nm and thick fibers with
diameter near 140 nm are elaborated. Samples were characterized by optical
spectrophotometry, scanning electron microscopy and energy dispersive X-ray spectroscopy.
Light transmittance of prepared films is 85-90 % in the visible spectral range. However
transmittance of samples annealed in air is slightly higher than for samples annealed in vacuum.
This slight decrease in transmittance can be associated with higher content of carbon in the
samples annealed in vacuum.

1. Introduction

Transparent conductive films (TCF) are an important constructive part for such modern
optoelectronic devices as solar cells, light-emitting diodes, electro-optical glasses. Nowadays,
tin-doped indium oxide (ITO) is widely produced as transparent conductive oxide (TCO)
standard for TCF applications. High price of indium [1] and limitation of world indium
reserves [2] stipulated the search of alternative conductive oxides and improvement of their
preparation procedures.

Doped zinc oxide, particularly aluminum doped zinc oxide (AZO), is one of the promising
materials which potentially can replace ITO. Desirable parameters of TCF films are quite high,
up to 85 %, transmittance, and at the same time low electrical resistivity in the range of 10* Q-
cm [3]. Thickening of film and increasing of the doping level enhance electrical conductivity,
but decrease the optical transmittance of film. Therefore properties of certain AZO film in each
case are a compromise between better optical or electrical behaviour. Different scientific
groups try to achieve better parameters for AZO films developing such preparation techniques
as molecular beam epitaxy [4], chemical vapor deposition [5], pulsed laser deposition [6], spray
pyrolysis [7], spin-coating [8], electrospinning [9-11].

Here electrospinning technique is considered as a method allowing the covering of
surface by the more or less dense network made of AZO fibers [9-13]. Proper amount of meshes
in the network will allow to keep the necessary high level of optical transmittance. At the same
time electrical conductivity could be provided by developed system of overlappings and
intersections of fibers. In comparison with other methods electrospinning does not require
complicated and expensive equipment. It’s possible to control film dimensions and thickness
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via shape and size of electrospun nanofibers, and deposition time. Moreover, electrospinning
of different solutions at the same time can help to produce films with desirable parameters [14].

There are some reports about application of electrospinned AZO films in photovoltaic
devices [3, 10] and catalytic surfaces [9]. At the same time there are a set of questions, which
are still require solutions. For example, it is needed to protect thin AZO fibers from the
excessive granulation [15], coalescence [16] and cracking to keep the proper morphology of
the AZO network. Here we propose the routes for preparation of AZO fibers both with smaller
40-100 nm and with bigger 100-150 nm diameters. Control of their granulation and coalescence
states is realized by means of variation of annealing conditions, humidity and level of the Al
doping. Eventually we worked out two preparation routes named as route #1 and route #2,
which slightly differ by viscosity of precursors, applied voltages and feeding rates for fibers
resulting in a different length of fibers and their distribution on the surface. We paid a special
attention to the control of fibers’ properties by changing atmosphere and temperature during
their annealing. Concentration of Al dopant was varied by small steps in order to trace the
changes in electrical properties of the samples.

2. Experimental procedure

2.1 Electrospinning procedure. The scheme of self-made electrospinning set-up is
represented in Fig. 1. Potential of the power supply (h) (~ 25 kV) was applied to the two metal
disks forming uniform electric field in the region of fiber formation. Sample was attached to
the left metal disk (collector) (a) covered with aluminum foil. The piston of syringe (e) with
polymer solution was pushed by pump (i) in order to form a droplet at the end of the needle.
Electric field deformed a droplet into a Taylor cone [17]. When the surface tension forces
become lower than electric forces the polymer jet arises from the Taylor cone. Such kind of jet
comes to the collector and stick to it in form of fiber. So after some time of deposition a network
from overlapped fibers forms the layer on the collector.

Fig. 1. Self-made electrospinning set-up: a) metal disk (collector) b) sample c) fiber jet d)
needle e) syringe with solution f) Taylor cone g) distance h) voltage power supply i) syringe

pump.

The most important parameters effecting nanofiber formation are following: solution
properties (polymer molecular weight [18], viscosity [19], surface tension [18, 20] and
conductivity [21, 22], process parameters (voltage [18, 22], feeding rate [21, 23], collector
type [24-26], distance [22, 27] and ambient parameters (humidity and temperature [28, 29]).

2.2 Experiment. Glass and aluminum foils were used as substrates which collect the
fibers. Before deposition the glass substrates were cleaned in ultrasonic bath during 10 minutes.
Acetone and methanol were used as solvents for cleaning. After that the substrates were dried
in nitrogen gas flow and cleaned in plasma cleaner during 10 min.
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Following components were used in process of sol-gel precursor preparation: deionized
water, 2-methoxyethanol [C3H802] (Sigma-Aldrich, assay > 99.5 %), zinc acetate dihydrate
[Zn(CH3CO02)2-2H20] (Sigma-Aldrich, assay >99.0 %), aluminium nitrate nonahydrate
[AI(NO3)3-9H20] (Sigma-Aldrich, assay >98 %), polyvinylpyrrolidone [(C6HINO)x]
(Sigma-Aldrich, Mw 360,000). Amount of these components for the routes #1 and route #2 are
pointed in the Table 1.

Table 1. Comparison of preparation procedures for route #1 and route #2.

Material/Procedure Route #1 Route #2
zinc acetate dehydrate 1lg 1g
Deionized water 5mil 2.5 ml
2-methoxyethanol - 2.5 ml
Aluminium nitrate nonahydrate 1% 0-3 atomic %
Polyvinylpyrrolidone 059 0.87¢
Distance between the needle and samples 10 cm 15cm
Electrospinning voltage 20 kV 14.5 kV
Feeding rate 0.12 pl/min 0.2 pl/min
Drying - in air at 150 °C
in air, at 100, 300, 400 | in air or in vacuum at
Annealing or 450°C during 360 °C during
1 hour 4 hours

Initially zinc acetate dehydrate was dissolved in deionized water or in water mixed with
2-methoxyethanol. Solutions in capped bottles were refluxed by magnetic stirrer at 80 °C
during 1 hour. Certain amounts (Table 1) of aluminium nitrate nonahydrate were added as
dopant to zinc acetate dehydrate solutions. After 1 hour polyvinylpyrrolidone was added to
increase solution viscosity. The solutions were refluxed for 2 hours at the same temperature and
transferred into plastic syringes.

The syringe’s needle with diameter 0.9 mm was cut in order to have a uniform needle
end. The volume of solution intended for the deposition was 1 ml in each case. The fibers were
deposited in ambient air. Parameters of electrospinning and subsequent drying and annealing
are pointed in the Table 1. Experimental procedure of preparing AZO nanofiber films is
represented in flowchart (Fig. 2).
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Fig. 2. Preparation of nanofiber films by electrospinning method (routes #1 and #2).
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The nanofibers were inspected using on optical microscope (Eclipse E200; Nikon) before
annealing. Film transparency was measured by using Spectrophotometer V-570 Jasco. Shape
of nanofibers was measured using electron microscopy (HR-SEM; Helios Nanolab, FEI).
Element analysis was performed using energy dispersive X-ray spectroscopy (EDS; Oxford
Instruments). Nanofiber films were produced on self-assembled electrospinning device with
high-voltage power supply (LNC 30000-2pos; Heinzinger) and syringe pump (Multi-Phaser
NE-500; New Era).

3. Results and discussions

Mentioned above preparation routes #1 and #2 allows to obtain thin and less thin fibers
correspondingly. Route #2 is less sensitive to humidity of the environment. As consequence
thick fibers obtained by this route are not suffer from granulation and coalescence.

Optimization of annealing conditions allowed us to overcome the difficulties met by
authors [15] and [16] and connected with breaking, granulation and coalescence of thin fibers.
Here we describe the logic of this adjustment in more details. Siddheswaran et al. reported
in [11] that most of the organic groups are burned at temperature lower than 500 °C. There was
no variation in X-ray spectrum of samples annealed at 400 °C, 600 °C and 800 °C [11]. On the
basis of this paper one can judge that the variation of annealing temperatures does not change
the fiber structure, nevertheless it can change the fiber diameter.

Concentration of elements in atomic % in obtained fibers was measured by energy
dispersive x-ray spectroscopy. After annealing total amount Zn, O, and C decreases. Therefore,
doped ZnO nanofibers must be thinner after annealing. Indeed in Fig. 3 it is possible to see
decreasing diameter of nanofibers with higher temperature and broken fibers at 450 °C.
Measured diameters are given in the Table 2. Relative values of O/Zn before and after annealing
at 450 °C were 2.1 and 2.9; relative values of C/Zn before and after annealing at 450 °C were
2.6 and 1.48. Consequently, doped ZnO fibers have increased amount of O and decreased
amount of C after annealing in air. This regularity is more pronounced at longer annealing times
(Table 2).

'\

Fig. 3. SEM images of AZO nanofibers annealed at different temperatures. Route #1.
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Table 2. Fibers properties: annealing temperature, fiber diameter. Route #1.

Max, annealing . . Heating and
temperature °C during A.V erage fiber Annea!lng . cooling rate
] diameter, nm procedure time, min o Lo
60 min C/min
- 95 - -

100 95 180 15

300 57 427 15

450 40 627 15

It was got 2.4 times shrinkage of fibers after annealing, which is in agreement with the
literary data [15]. In a limit, nanofibers can become very thin and can be broken. It can happen
because of adhesion and different coefficient of thermal expansion for substrate and as-
deposited fibers. To avoid this it is necessary to choose optimal annealing time and temperature.

It was noticed, that broken fibers appeared after annealing at the temperatures between
300 and 450 °C (Fig. 4). Therefore, in route #1 we selected temperature 400 °C, which is
intermediate between mentioned ones. To avoid breakage of fibers we used different
heating/cooling rates (Table 3). High heating rate led to nanofiber deformation (samples a, b).
They lost uniformity and stuck together. Samples ¢ and d with heating rate 4.2 °C/min were
cooled fast and slow. They were uniform. Average nanofiber diameter of sample ¢ compare to
sample d was bigger because total annealing procedure time was shorter.

Fig. 4. SEM images of AZO nanofibers annealed with different heating/cooling rate, samples
a, b, cand d. Route #1.

Ding et al. got grainlike particles on the fiber surface after annealing [15]. In our case it
was possible to affect on grainlike particles size by heating rate. Slow heating rate produce
smaller grainlike particles on the fiber surface (Fig. 4a,c). Hence, slow heating rate and longer
annealing time are more desirable to produce uniform nanofibers.
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In summary, we suggest that annealing at 400 °C with heating rate 4.2 °C/min results in
thin fibers with minimal breakage, granulation and coalescence. The influence of cooling rate
was not so critical.

Table 3. Fibers properties: heating and cooling rate, fiber diameter. Route #1.
Sample Max, anneallon g Average fiber Annealing Heating rate, | Cooling rate,
temperature °C . procedure o o
. . diameter, nm . . C/min C/min

during 60 min time, min

a 400 84 95 12.5 75.0

b 400 54 120 12.5 125

c 400 42 155 4.2 75.0

d 400 31 240 4.2 4.2

Besides annealing temperature and time, it is very important to control of ambient
parameters during producing nanofibers. One of these parameters is humidity. Route #1 was
implemented at low humidity (15 %). However, solution jet at high humidity (40-70 %) was
not enough evaporated during electrospinning process. Fibers could lose their form
immediately or later after deposition on substrate and during annealing. Example of producing
nanofibers with humidity 66 % from route #1 is shown in Fig. 5.

Fig. 5. SEM images of AZO “nanofibers” produced at humidity 66 %. Route #1.

S. Yun at al. [16] got AZO-PVAc nanofibers with different Al doping level. Nanofibers
were stuck together and lose their form with increasing Al doping level. They explained it by
different ratio of aluminium in solution and did not provide information about humidity level.
However, in our case, fibers were uniform with different concentration Al after decreasing
influence of humidity (Fig. 6). On this reason we can assume that humidity play more important
role than Al content on fiber uniformity.

In order to make solution less sensitive to changes in humidity route #1 was modified. It
was necessary to increase solution viscosity and use more evaporated solvent in solution. On
this reason, 2-methoxyethanol was added to the solution from route #1. Concentration of
polyvinylpyrrolidone was also increased. Additionally, samples were dried before annealing.
Modified preparation route was labeled as route #2.

To investigate influence of Al dopant on the zinc-oxide nanofibers formation samples
from route #2 were dried at 150 °C in air during 24 hours. Then they were annealed at 360 °C
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for 4 hours in air or in vacuum (Fig. 6). Concentration of Al/Zn was varied from 0 to 3 atomic %
with step 0.5. Samples with larger Al/Zn ratio had smaller average fiber diameter (Table 4).
This behavior can be explained by change in viscosity and conductivity of solution with
increasing of Al content [30]. Samples with the same Al/Zn ratio annealed in vacuum or air
have approximately the same or slightly larger diameter. However, C/Zn ratio was 4.49 and
respectively 0.72. We did not noticed grainlike particles on the fiber surface after annealing in
vacuum. We explain this by the burning out of carbon in air atmosphere. Consequently,
nanofibers annealed in air have fewer amounts of C, more porous structure and grainlike
particles on the fiber surface (Fig. 7).
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Fig. 6. SEM images of AZO nanofibers prepared by means of route #2 and annealed in: a) air
b) vacuum. Concentration of Al/Zn represented in atomic %.

Table 4. Fibers properties: Al/Zn concentration, fiber diameter. Route #2.

Al/Zn, Average fiber diameter, nm
atomic % annealing in air annealing in vacuum
0.0 140 157
0.5 135 159
1.0 138 157
15 130 137
2.0 116 111
3.0 104 108

Nanofibers annealed in air were brighter than those in vacuum according to the SEM
images (Fig. 6). It means that individual fibers annealed in air were conductive and they did not
charged during SEM measurements. Unfortunately, we did not get as low sheet resistance for
AZO nanofiber based films as for spin-coated AZO films [31]. Resistivity measurement
procedure assuming to use conductive probes which can damage AZO fibers during the
measurements. It can be one of the reasons of measured high sheet resistance.
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Fig. 7. SEM images AZO nanofibers Fig. 8. Transmittance spectra of AZO films
annealed in air Al/Zn 1 %. Route #2. annealed in air or vacuum. Route #2.

Fiber networks prepared according to the route #2 and deposited on the glass
demonstrated transmittance around 90 % (Fig. 8), which is comparable with ITO [3]. Decreased
transmittance of fibers in case of vacuum annealing can be caused by higher amount of residual
carbon at such conditions. Firstly, during annealing in air carbon in fibers interacts with oxygen
from air and as a consequence huge amount of carbon become burnt out. This statement was
proven by element analysis and mentioned above. Secondly, fibers annealed in air and vacuum
have approximately the same diameter (Table 4). It means that fibers annealed in air become
porous (Fig. 7). On this reason result films can be more transparent.

4. Summary and conclusions

Al doped ZnO films formed from nanofibers were fabricated by electrospinning from sol-gel
solution. Parameters of electrospinning, influence of annealing temperatures, annealing speed
(heating and cooling), Al dopant concentration and environmental conditions were studied. It
was shown that increasing of annealing time or temperature make nanofibers thinner. Longer
annealing time lead to a very thin diameter of nanofibers, which can be broken. Slow heating
rate and average annealing time are more desirable to produce uniform nanofibers. It was shown
that the influence of cooling rate was not so critical.

High and low humidity levels had significant influence on fiber formation and
reproducing of results. It was clarified how to prepare samples in both conditions. Al doped
ZnO films annealed in air were more transparent than in vacuum. We explained this
phenomenon by different ratio of C/Zn, O/Zn in films. Resultant films have potential to be used
in optoelectronic devices.
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