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Abstract

Ultrasonic spray pyrolysis is a deposition technique that enables a fine mist of the pre-
cursor solution in order to deposit higher-density thin films. This characteristic makes of
great potential the use of ultrasonically spray-deposited semiconductors films for low-
cost, transparent, flexible and large-area applications. In this chapter, low-temperature
deposition and characterization of ultrasonically spray-deposited zinc oxide (ZnO) films
are presented. The ZnO films deposited by ultrasonic spray pyrolysis at 200°C were char-
acterized by optical transmittance, photoluminescence spectroscopy, X-ray diffraction
and Fourier transform infrared spectroscopy. The study of low-temperature annealing
of ZnO films is also presented. Moreover, the characterization of aluminum-doped ZnO
films deposited by ultrasonic spray pyrolysis at 200°C is presented. Finally, applications
of these ultrasonic spray-deposited films in electronic devices are presented.

Keywords: spray pyrolysis, low temperature, electronic devices

1. Introduction

Currently, semiconductor thin films are attractive to enable novel electronic applications.
Deposition techniques such as pulsed laser deposition, chemical vapor deposition and sput-
tering have been used [1-4]. However, these deposition techniques present technical limi-
tations such as low compatibility with large-area substrates, high cost and need of high or
ultra-high vacuum. On the other hand, solution process techniques offer a solution to these
problems at low cost and the possibility to deposit films under air ambient [5, 6]. The conven-
tional solution-processed thin films by spin-coating have a low density due to pores during
the annealing of the films [7]. However, ultrasonic spray pyrolysis is a deposition technique
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that enables a fine mist of the precursor solution in order to deposit higher-density thin films.
This characteristic makes of great potential the use of ultrasonic spray-deposited semiconduc-
tors films for low-cost, transparent, flexible and large-area applications.

Metal-oxide semiconductors are promising materials to be used in novel electronic applica-
tions. Applications, such as thin-film transistors (TFTs), sensors, electronic circuits, among
others, have been reported [8-10]. The results reported by other authors show that the main
limitation is the need to use high deposition temperatures to achieve high-quality semicon-
ductor films, since low-temperature deposition may lead to an incomplete pyrolysis of the
precursor solutions [11].

In this chapter, low-temperature deposition and characterization of ultrasonic spray-depos-
ited zinc oxide (ZnO) films are presented. The ZnO films deposited by ultrasonic spray
pyrolysis at 200°C were characterized by optical transmittance, photoluminescence (PL) spec-
troscopy, X-ray diffraction (XRD) and Fourier transform infrared (FTIR) spectroscopy. The
study of low-temperature annealing of ZnO films is also presented. Moreover, the charac-
terization of aluminum-doped ZnO films deposited by ultrasonic spray pyrolysis at 200°C is
presented. Finally, applications of these ultrasonic spray-deposited films in electronic devices
are presented.

2. Zinc oxide films deposited by ultrasonic spray pyrolysis at 200°C

Previous reports [11] show a dependency of the zinc oxide structure with deposition tempera-
ture. The crystallinity of the film is increased as the deposition temperature is higher. Figure 1
shows the XRD pattern of the as-deposited ZnO film at 200°C. The pattern shows three-weak
peaks at 20 = 31.72°, 34.42° and 56.64°, which are associated with the (100), (002) and (110)
planes, respectively. From the overall XRD diffractogram, the ZnO film tends to present some
polycrystallinity and agree with the JCPDS Card No. 36-1451.

Figure 2 shows the optical transmittance of as-deposited ZnO films. It can be seen the highly
transparent in the visible range of the film. The gap energy is extracted by the extrapolation
of the linear region in the (ahv)* ~ A(hv-Eg) characteristics, where hv is the photon energy,
a is the absorption coefficient, Eg is the gap energy and A is the constant. The extracted gap
energy was 3.26 eV, which is similar than the commonly reported [5].

Figure 3 shows the FTIR spectra of the ZnO film. It can be observed the peak at 415 cm™ related
to Zn—O stretching modes [11, 12]. The peak at 1627 cm™ is attributed to O—H bending modes.
Also, the peaks at 2500-3500 cm™ are due to C—H and O—H stretching modes [11, 12]. The
peaks at 1413 cm™ and 1530 cm™ are attributed to C—O stretching modes, while at 1750 cm™ to
C=0 bonds [11, 12]. The presence of C—O bonds suggests an incomplete precursor pyrolysis
due to the low deposition temperature [11]. However, the characteristic Zn—O band approxi-
mately at 415 cm™ indicates the ZnO formation. On the other hand, it is important to mention
that bonds related to O—H stretching have been previously reported in ZnO films, indicating
the presence of O—H complexes that are associated with different defects and increased free-
carrier concentration [11-14].
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Figure 1. XRD pattern of the as-deposited ZnO films by ultrasonic spray pyrolysis.
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Figure 2. Transmittance of the as-deposited ZnO films by ultrasonic spray pyrolysis.
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Figure 3. FTIR spectra of the as-deposited ZnO films by ultrasonic spray pyrolysis.

Figure 4 shows the photoluminescence (PL) spectra of the as-deposited ZnO film. It exhib-
its a PL spectrum with a peak centered at 390 nm of high intensity and a broad band from
450 to 700 nm. The peak at 390 nm (UV emission) is typically associated with the near
band-edge (NBE) emission of the gap, which is attributed to the recombination of the free
excitons [15, 16]. The broad band from 450 to 700 nm (visible emission) is typically asso-
ciated with the impurities and defects, which are considerable in our case. The origin of
this visible emission band has been related to zinc and oxygen vacancies, zinc and oxygen
antisites, and to zinc and oxygen interstitials [16, 17]. Several authors have reported the
use of photoluminescence spectroscopy to study the role of the defects and impurities in
ZnO. However, even with the same experimental conditions they have reported contradic-
tory results [17]. Therefore, since the impurities and defects are highly dependent on the
deposition technique and its conditions, their role in the electronic properties of ZnO is still
controversial.

2.1. Thermal annealing effects

The use of metal-oxide semiconductors in semiconductor devices is constantly increased,
since thin-film transistors, solar cells, optical sensors, among others. In these devices, a high-
quality metal-semiconductor interface is desired in order to avoid voltage drops which result
in loss of performance. Ideally, a metal-semiconductor contact no exhibit barriers for the car-
rier flow in whatever polarization (positive or negative). This is true when there are no inter-
face states, and the metal and semiconductor work functions are similar. However, obtaining
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Figure 4. Photoluminescence of the as-deposited ZnO films by ultrasonic spray pyrolysis.

a metal-semiconductor contact without interface states is difficult. Moreover, matching the
metal and semiconductor work functions is nearly impossible. It is well known that metal-
oxide films are highly dependent on the deposition and post-treatments conditions, result-
ing in different surface conditions and defect density distribution. For this reason, different
results have been reported.

Figure 5 shows the conductivity and contact resistance of Al-ZnO contacts annealed at 180°C
as a function of annealing time. It exhibits a reduction of more than two orders of magnitude
in contact resistance in samples annealed for 30 min. This improvement can be associated
with a higher carrier injection through the Al-ZnO (metal-semiconductor) interface. Nunes et
al. [6, 18, 19] reported that this is due to desorption of oxygen present at the grain boundaries.
As result of this oxygen loss, there is an increase in the effective carrier concentration near to
the Al-ZnO interface.

Also, an increase in the contact resistance with longer annealing time than 30 min is appreci-
ated in Figure 5. This increase can be associated with a change in the ZnO film quality, as the
reduction in conductivity shows. One can conclude that there is an optimal annealing time
and after this time, the metal-semiconductor interface deteriorates. Using FTIR spectroscopy
and XRD, the effects of the low temperature annealing on the ZnO film can be studied.

Figure 6 shows the FTIR spectra of ZnO films at different annealing times. The peak at
415 cm™ was previously related to Zn—O stretching modes. The characteristic Zn—O peak
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Figure 5. Al-ZnO contact resistance and conductivity extracted by TLM as a function of annealing time.
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Figure 6. FTIR spectra of as-deposited and annealed ZnO films.
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indicates the ZnO formation. A reduction in Zn—O bonds is clearly exhibited as the annealing
time is increased. This agrees with the results of contact resistance and conductivity, where
the carrier concentration is increased by oxygen vacancies. However, the progressive reduc-
tion in Zn—O bonds at 60 min of annealing may not explain the increase in contact resistance.
In this case, Figure 7 shows the XRD patterns of as-deposited and annealed ZnO films. In
the as-deposited ZnO films, a strong peak associated with the (100) plane can be appreci-
ated, and also peaks related to the planes (002), (101) and (110) can be identified. At 30 min
of annealing, the strongest peak is now associated with the (002) plane. Also, peaks related
to the planes (100), (101), (102), (103), (112) and (110) can be identified (in agreement with the
JCPDS Card No. 36-1451). A better polycrystalline nature of ZnO films for 30 min of annealing
can be confirmed. The preferential orientation in (002) plane has been reported in high-quality
ZnO films [11, 20]. Finally, at 60 min of annealing, the preferential orientation in (002) plane
disappeared and also the peaks related to the planes (102) and (103). A reduction in the peaks
related to the planes (100) and (101) is appreciated. The FTIR spectroscopy and XRD results
confirm the degradation of the ZnO film after 60 min of annealing and agree with the contact
resistance and conductivity results.

2.2. Aluminum-doped zinc oxide films

Typically, the zinc oxide film is doped with different impurities such as aluminum (Al),
cadmium or gallium in order to increase its conductivity. In this case, aluminum was used
as a doping source. Figure 8 shows the optical transmittance of the AZO films at different
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Figure 7. XRD patterns of as-deposited and annealed ZnO films.
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Figure 8. Optical transmittance of the AZO films at different aluminum-doping concentrations.

aluminum-doping concentrations. The films are highly transparent in the visible range. It is
important to note that the increase in the doping concentration has no effect on the optical
transmittance. This agrees with the reported information in Ref. [20].

Figure 9 shows the XRD pattern of the AZO films at different aluminum-doping concentra-
tions. The AZO films show an amorphous structure regardless of the Al-doping concentra-
tion, since no presence of peaks is exhibited. This is expected due to the low temperature of
deposition [11].

Figure 10 shows the resistivity of the AZO films at different aluminum-doping concentra-
tions. It can be observed that the resistivity decreases as the doping concentration increases
at 3 M%. This decrease in resistivity is considered as result of the increase in carrier con-
centration. The increase in carrier concentration of AZO films is due to the substitutional
incorporation of AI** ions at Zn?* cation sites or the incorporation of Al ions in interstitial
positions [21]. However, as the doping concentration increases above 3 M%, the AZO resis-
tivity also increases. This increase in resistivity is attributed to a decrease in the mobility of
carriers resulted by ionized impurity scattering [22]. This agrees with that reported by other
authors [21, 23], where the excessive Al-doping deteriorates the properties of the AZO films
due to the formation of stress by the smaller radius of AI** ions compared with Zn** ions.
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Figure 9. XRD patterns of the AZO films at different aluminum-doping concentrations.
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Figure 10. Resistivity of the AZO films at different aluminum-doping concentrations.
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3. Applications in electronic devices

An important area of the materials science is the application of the materials obtained. The
advantages of spray pyrolysis make of great potential the use of semiconductors as active lay-
ers in electronic devices. In recent years, the development of low-cost electronics has achieved
a considerable progress, since wearable electronics, transparent circuitry, e-paper, solar cells
and more.

3.1. Fully solution-processed transparent MIS capacitors

This basic device can work as energy storage from solar cells, sensor, memory device and
charge-discharge capacitor in active-matrix displays and also can be very useful to analyze
the quality of the dielectric-semiconductor interface in field-effect devices. In this section,
we present fully solution-processed capacitors employing the ultrasonic spray pyrolysis and
spin-coating techniques. Zinc oxide films deposited by ultrasonic spray pyrolysis were used
as an active layer and spin-on glass (SOG) is used as dielectric. The maximum fabrication tem-
perature used was set at 200°C. Figure 11 shows a top-view photograph of the MIS capacitors.
The MIS capacitors are highly transparent, which is used in transparent electronics.

Figure 12 shows the capacitance-voltage characteristics at 10 KHz for the MIS capacitors.
When a negative voltage is applied at the top contact, there is an accumulation layer of elec-
trons in the ZnO film at the SOG/DI-ZnO (dielectric-semiconductor) interface; as a result,
the capacitance-voltage characteristics exhibit the dielectric capacitance (C_). On the other
hand, when a positive voltage is applied at the top contact, there is a depletion region in the
ZnO film at the SOG/DI-Zn0O interface; then, the capacitance-voltage characteristics show a

FTO

Zn0O
SOG/DI

FTO
Glass

Figure 11. Top-view photograph of the MIS capacitors.
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Figure 12. Forward and reverse capacitance-voltage curves of the ZnO MIS capacitors.

minimum capacitance. The capacitance-voltage measurements exhibit a very low hysteresis
when the characteristics are forward and reverse measured. However, at negative voltage
values, the accumulation region presents effects of interface states [24]. This is attributed to
the defects in the ZnO film near at the dielectric-semiconductor interface, as the photolumi-
nescence and FTIR spectroscopies show.

On the other hand, Figure 13 shows the current density of the ZnO MIS capacitors. The break-
down voltage of the MIS capacitor can be appreciated at 36 V, which is due to the dielectric
breakdown. The values of current density and capacitor breakdown voltage obtained are reli-
able for electronic device applications [25, 26].

The ZnO MIS capacitors were fabricated employing simple and low-cost solution process
techniques with no-vacuum need, using feasible and easily prepared precursor solutions.

3.2. Flexible metal-insulator-semiconductor diodes

The semiconductor diodes are known as devices that allow the flow of current in only one
voltage bias (positive or negative). These devices are extensively used in electronics such as
circuit protection, rectifiers, mixing, isolating and detection signals. Recently, Son et al. [27]
reported for the first time Schottky diodes using solution-processed zinc tin oxide on corning
glass. Alternatively to PN and Schottky diodes, metal-insulator-semiconductor (MIS) diodes
are devices, which used a thin insulator film, that allow the tunneling of carriers in only one
voltage bias. For this reason, these devices are also known as MIS tunnel diodes [28-31]. Giillii
et al. [32] reported the application of MIS diodes as temperature sensors.
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Figure 13. Current density of the ZnO MIS capacitors.

In this section, the fabrication and characterization of fully solution-processed flexible metal-
insulator-semiconductor diodes is presented. As an active layer, aluminum-doped zinc oxide
(AZO) thin film by ultrasonic spray pyrolysis was used. As an insulator, a silicon oxide thin
film by spin-on glass (SOG/DI) was used. The maximum temperature used was 200°C. As far
as the authors know, this is the first flexible solution-processed MIS diode using amorphous
oxide semiconductors.

To fabricate the flexible MIS diodes, the AZO film with Al-doping concentration at 3 M% was
used, which exhibits the best doping efficiency.

Figure 14 shows the electrical characteristics of the flexible MIS diodes. A good rectifying
behavior is observed when negative voltage is applied to the ITO contact (reverse bias), and
the current is independent of the voltage applied. When a positive voltage is applied to the
ITO contact (forward bias), the injected carriers are collected by tunneling through the insu-
lator; then, the current increases exponentially with increasing bias. The inset in Figure 14
shows the inverse saturation current, which is close to 150 pA. An on/off current ratio of 10
is reached at 141V. This value is similar to other diodes reported by other authors at higher
fabrication temperature [27, 31]. The forward bias current in a MIS diode is assumed to be due
to thermionic emission and can be expressed as [32]:

I=1,exp (qV/nkT) (1)
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Figure 14. Electrical characteristics of the flexible MIS diodes. Inset: inverse saturation current.

where [ is the saturation current, q is the electron charge, n is the ideality factor, k is the
Boltzmann constant and T is the temperature in K. The saturation current I can be expressed as:

I,=AA T?exp (-q®, /kT) )

where A is the diode area, A" is the effective Richardson constant of 32 A/cm?K? for ZnO [33],
and @, is the barrier height.

Typically, the ideality factor and barrier height can be extracted from the extrapolation to 0
V and its slope of the linear region of the forward bias of In(I)-V characteristics [30, 32]. The
extracted values of ideality factor and barrier height were 2.9 and 0.88 eV, respectively.

According with the thermionic emission theory, the ideality factor should be close to 1.01, a
higher value of ideality factor indicates a secondary transport mechanism. Possible mecha-
nisms may include interface dipoles or fabrication-induced defects at the interface [32]. Also,
this higher value can be attributed to an insulating layer in the metal-semiconductor interface
[30]. These extracted values are similar to those reported by other authors [30, 32].

In order to compare the effect of bending on the flexible devices, a flexible substrate was attached
around a rigid plastic rod of 5 mm radius. The bent to a tensile radius of 5 mm is equivalent to a
mechanical strain of ~0.5% [34]. Figure 15 shows the bending effect of the flexible MIS devices.
The electrical characteristics are very similar with and without bending, where the minor varia-
tions in current may be induced by an increase in tunneling under tensile strain. It is important
to mention that these electrical characteristics are reversible after removal of the tensile strain.
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Figure 15. Electrical characteristics of the flexible devices with and without bending. Inset: Picture of the bent flexible
MIS diodes.

These results show the potential of solution-processed AZO films to fabricate flexible semi-
conductor devices. The precursor solutions may be combined or replaced by new solutions
in order to optimize the properties of the deposited thin films. The flexible MIS diodes were
fabricated employing simple and low-cost solution process techniques under air ambient,
using easily prepared precursor solutions.

3.3. Thin-film transistors

Although metal-oxide thin-film transistors (TFTs) fabricated by spray pyrolysis have already
been demonstrated, the temperature of deposition to obtain high performance devices is still
high to be compatible with most of the low-cost plastic substrates used in flexible and low-
cost electronics. Then, it is necessary to reduce the temperature of deposition at values about
200°C or less in order to be a real alternative for low-cost applications. Moreover, yet, the role
of the impurities and defects distribution in electronic properties of ZnO is still controversial,
since they are highly dependent on the deposition technique and its conditions [10, 15, 35].
Therefore, the extraction of the density of states (DOS) within the gap of the ZnO is a great
challenge and, typically, reflects contributions from the measurement techniques and inter-
faces from the TFT device [36-39].

Using this film as an active layer, inverted coplanar ZnO TFTs were fabricated. The transfer
characteristics of the ZnO TFTs are presented in Figure 16. The electron field-effect mobility
and threshold voltage were extracted from the square root of Ids versus Vgs, using Eq. (3) of
the saturation regime [40].
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Figure 16. Experimental and simulated transfer characteristics of the ZnO thin-film transistors. Inset: Experimental and
simulated output characteristics.

Ids = uFE-C_ (W/2L) (Vgs-V.)? 3)

where . is the electron field-effect mobility, C_ is the capacitance per unit area of the gate
insulator, W and L are the channel width and length, respectively, and V. is the threshold
voltage. The average value extracted was approximately 0.011 cm?/Vs and 2.6 V for field-effect
mobility and threshold voltage, respectively. The obtained results for ZnO TFTs with 50-nm-
thick gate dielectric are better than those reported by Adamopoulos et al. [11]. They reported
carrier mobilities from 0.003 to 0.001 cm?/Vs and on/off-current ratios from 10? to 10' at depo-
sition temperature of 200°C. Also, Figure 16 shows the simulated transfer characteristic. The
simulated data reproduces very well the experimental electrical characteristics of the device.
The inset in Figure 16 shows the experimental and simulated output characteristics. In order
to reproduce the experimental electrical characteristics by physically based simulations, it is
necessary to estimate approximately the density of states (DOS) within the gap of the ZnO
film, commonly correlated to defects in the ZnO film. The typical DOS is composed of accep-
tor-like states (near the conduction band) given by the sum of tail states and deep states, and
donor-like states (near the valence band) given by the sum of tail states and deep states [41].

The mathematical model of Silvaco simulator involves the Poisson’s equation, the continuity
equations and the transport equations to simulate any semiconductor device. In this math-
ematical model, using the TFT module, one can incorporate the DOS distribution g(E) pro-
posed. The total charge caused by the presence of traps or defects is added into the right-hand
side of Poisson’s equation. Also, the recombination/generation rate in the carrier continuity

265



266

Pyrolysis

equations is modified by g(E). For accurate description of the model used in Silvaco simulator,
please see Ref. [41]. The parameters used for the ZnO film and DOS were extracted from pre-
vious measurements (Section 2) and other Refs. [42, 43]. The DOS parameters were adjusted
meanwhile the simulation fitted the experimental data.

The parameters used in the simulation for the DOS and ZnO film are listed in Table 1. As
can be seen, the DOS obtained is higher than those previously reported by different authors
[44, 45]. This can be due to more defects in the ZnO films originated by the incomplete precur-
sor pyrolysis, corroborated by the presence of O—H complexes in the FTIR spectra and defects
as the photoluminescence spectroscopy shows.

Parameter Value Description
N. 5 x 10 (cm™) Effective conduction band states
N, 5x 10" (cm™®) Effective valence band states
Eg 3.26 (eV) Energy gap
Affinity 4.29 (eV) Electron affinity
Permittivity 8.12 Dielectric constant

= 1.95 x 10% (cm™eV™) Density of tail-acceptor states
N, 1.85 x 10 (cm™eV™) Density of tail-donor states
W, 0.385 (eV) Decay energy of tail-donor
W, 0.105 (eV) Decay energy of tail-acceptor
N, 1.2 x 10" (cm™2eV™) Density of deep-acceptor states
E.. 1(eV) Peak energy of deep-acceptor
W, 0.9 (eV) Decay energy of deep-acceptor
N, 9 x 107 (cm™®) Donor density
Rc 875 (Qcm) Contact resistance
pe 6 (cm?/Vs) Electron band mobility
ph 0.1 (cm?/Vs) Hole band mobility

Table 1. Main parameters used in the ZnO TFTs simulation.

4. Experimental section

For deposition of ZnO films, a home-made ultrasonic spray pyrolysis deposition system using
air as carrier gas at flow rate of 467 sccm was used. The deposition system was adapted from
an ultrasonic humidifier (Heaven Fresh). The precursor solution consists of zinc acetate (0.2
M) in methanol. The AZO films were deposited using a home-made ultrasonic spray pyrolysis
deposition system adapted from an ultrasonic nebulizer (CITIZEN CUN-60) using air as the
carrier gas, from 0.2 M precursor solution of zinc nitrate (Sigma-Aldrich) in distilled water,
using aluminum nitrate (Sigma-Aldrich) as doping source at different molar concentration
percentages with respect to zinc nitrate (M%). The samples were on a hotplate at 200°C during
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deposition. The SOG/DI was obtained by spin-on glass (SOG700B Filmtronics) diluted 2:1
with deionized water (DI). The transparent electrodes were obtained using fluorine tin oxide
(FTO) from 0.2 M precursor solution of tin tetrachloride pentahydrate in ethanol with ammo-
nium fluoride diluted in deionized water prepared with Fluor/tin ratio of 0.52.

The optical transmittance of the thin films above corning glass was measured from 200 to
900 nm. The resistivity of the films was measured by four-point probe. The orientation of the
films was obtained using an X-ray diffractometer (XRD) (Discover D8-Bruker axs) at 20 range
between 20° and 80° and 0.002° step. For the Photoluminescence spectroscopy, it was used as
an exciting source, a laser of He-Cd with 325 nm line. The photoluminescence measurement
was performed using a silicon PIN Thorlabs (DET-210) detector with a spectral response of
200-1100 nm. The IR absorption spectra of the films were measured with a “BRUCKER” FTIR
spectrometer, Model Vertex-70. The IR spectrum was observed for wave numbers between
3500 and 400 cm™.

The flexible MIS diodes were fabricated above ITO-coated PET substrates (Sigma-Aldrich).
First, the SOG/DI film was spin-coated at 5000 RPM for 30 sec and cured at 200°C for 1 h.
Then, the AZO film was ultrasonic spray deposited at 200°C. As top electrodes, silver ink
(AgIC Inks) was patterned. The contact area was 0.012 cm?. The fabrication procedure of the
inverted coplanar ZnO TFTs (bottom-contact bottom-gate) and transparent MIS capacitors
can be found elsewhere [46, 47].

The electrical characteristics of the devices were measured using the Keithley-4200 Semi-
conductor Characterization System at room temperature and under dark conditions.
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