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Abstract: In this work, zinc oxide and indium-doped zinc oxide thin films at different concentrations 
were deposited by solution techniques at 200 °C. The thin films were characterized by XRD, Raman, 
FTIR and the four-point probe technique. Through FTIR spectroscopy, interesting behavior was ob-
served when the IZO film at 6 wt.% doping showed a lower number of organic residues. Due to an 
inductive effect, an unusual displacement of bonds was observed. The reduction of organic residu-
als corroborated with the behavior of flexible metal–insulator–semiconductor (MIS) capacitors. 
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1. Introduction 

Metal oxide semiconductors are materials that provide good stability, high transpar-
ency in the visible region, high conductivity and are easily handled to be implemented in 
polymeric substrates to flexible electronics applications [1]. Another interesting aspect of 
metal oxide semiconductors is their deposition by solution processes such as spin-coating 
and spray pyrolysis. These low-cost techniques provide good uniformity and good qual-
ity of the films [2,3]. For the formation of metal oxide semiconductors, four phases occur 
in solution processes: (1) the synthesis or generation of precursor solution, (2) deposition, 
(3) pyrolysis or condensation and (4) crystallization. Usually, the low temperature re-
quirements of Steps 3 and 4 are 200–400 and 400 °C, respectively [4]. During the process, 
when implementing PET as a substrate, it is necessary to use temperatures of approxi-
mately 200 °C or less, because a higher temperature is incompatible with the substrate. 
However, the use of low temperatures in this range limits the decomposition of the pre-
cursor solution, and thin films are formed with organic residues that act as traps and de-
fects, resulting in poor electrical properties of the films. Zinc oxide is one of the most com-
mon oxide semiconductors implemented in solution processes [5]. In this work, the syn-
thesis of indium-doped zinc oxide (IZO) thin films at different doping concentrations was 
obtained at 200 °C. In a ternary compound (Tuz+Mvm+Xxq−), the tentative estimation of the 
inductive effect of T on the M–X bond or substitution of a metal can be known from the 
electronegativity difference between the Tz+ and Mm+ cations and results in the redistribu-
tion of the electron density [6,7]. 
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2. Materials and Methods 
The precursor solutions were prepared using 0.2 M zinc acetate dihydrate 

(Zn(AcO2)·2H2O) (99.9%, Sigma-Aldrich) dissolved in 2-methoxyethanol (2-ME) and 
methylenamine (MEA) to obtain ZnO thin film and In(NO3)3·xH2O at 1, 3, 6 and 9 wt.% 
mixed in the ZnO solutions to obtain IZO thin films. The solutions were deposited by 
spin-coating at 3000 rpm for 30 s on silicon wafers and corning glass 2947 as substrates, 
and the samples were placed on a hot plate at 200 °C for 4 h to form the thin films. 

The metal–insulator–semiconductor (MIS) capacitors were fabricated using ITO-
coated PET substrates (Sigma-Aldrich). As dielectric film, spin-on-glass (SOG) solution 
was prepared with a mixture of 33% LSF47-SOG solution in 66% LSFD1 diluent, then it 
was spin-coated at 3000 rpm for 30 s and cured for 1.5 h at 200 °C. The ZnO and IZO thin 
films were used as semiconductors. Finally, as top contact, ITO precursor solution was 
prepared using 0.3 M InCl3·xH2O and SnCl2·xH2O at 5 wt.% diluted in methanol, then it 
was sprayed on top of the semiconductor film through a shadow mask and using a home-
made high-frequency ultrasonic spray pyrolysis deposition system (Citizen, Cun60) with 
an ultrasonic transducer operating at 2.5 MHz and air as carrier gas at a 0.7 mL/min flow 
rate for 10 min at 200 °C. For the characterization of the semiconductor thin films, a Dis-
cover X-ray diffractometer (D8 Bruker AXS), micro-Raman (LabRAM HR spectrometer), 
FTIR spectroscopy (Bruker Vertex-70) and the four-point probe technique (Thorlabs Pro 
4–4000) were used. For the MIS capacitors, the measurement was performed using a 
Keithley-4200 semiconductor characterization system under dark conditions, ambient air 
and room temperature with forward and reverse sweeps with 0.1 V steps, 30 mV AC volt-
age and 10 kHz frequency. 

3. Results and Discussion 
Figure 1 shows the structural characteristics of the ZnO and IZO thin films. Figure 1a 

shows that doped and undoped thin films have amorphous structures and do not change 
with the dopant addition. This characteristic is commonly reported in oxide semiconduc-
tors [8]. Figure 1b shows the Raman spectra of the films where vibrational modes were 
found at 116, 374, 434, 573, 654, 812 and 1110 cm−1 corresponding to modes E2(low), 
A1(TO), E2(high), E1(LO), E1(TA+LO), E2(high)-E2(low) and A1(2LO), respectively [9–13]. 
The E2(low) mode is associated with vibrations of the Zn sublattice, and the high E2(high) 
mode is caused by vibration of oxygen atoms, whereas the E1(LO) mode is related to the 
vibrations of Zn atoms [9]. As mentioned, A1 and E1 modes are assigned to a polar branch 
[13]. For the IZO film, no significant changes were observed. 

 
 

(a) (b) 

Figure 1. Structural characterization: (a) XRD pattern of the amorphous ZnO and IZO thin films; (b) Raman spectra for 
the ZnO and IZO thin films. No significant variations are observed in the doped thin film. 
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The FTIR spectra of the ZnO and IZO thin films are shown in Figure 2. For the ZnO 
thin film, the stretching modes of Zn-O at 428 and 572 cm−1 were observed [14–16]. At 677 
cm−1, the COO- bond related to the overlapping of σ and π of the ligand was found [17,18]. 
Finally, symmetric (1421 cm−1) and asymmetric (1531 cm−1) C-O bonds and O-H groups 
were observed at 1636 cm−1 [14,19]. The origin of the COO-, C-O and O-H bonds are related 
to the low decomposition of the precursor solution [15]. On the one hand, the presence of 
these organic residues, such as the C-O bonds, can generate disorder in the film structure 
and cause surface defects [20,21]. On the other hand, the hydroxyl group plays a role as a 
charge trap due to its polar nature [18,22]. For the IZO thin films, similar bonds were ob-
served. In addition, Figure 2 shows the calculated areas of the residual groups for all the 
films. A reduction in the intensity of the bands related to the defects was found for the 
sample doped at 6 wt.%. In this sample, the Zn-O bond shifts at 583 cm−1. This may be due 
to the fact that the doping concentration may favor the inductive effect by the substitution 
of Zn2+ by In3+. The inductive effect is due to the difference in electronegativity of the atoms 
bonded together. The polarization of the bond causes the appearance of partial charges +δ 
and -δ, which have effects on the neighboring bonds at a relatively short distance [23]. 
Thus, the bonding electrons will tend to move toward the atom of greater electronegativ-
ity; as the electron density shifts toward that atom, it will become negative and tend to 
attract fewer electrons [7]. 

  
(a) (b) 

Figure 2. FTIR characterization: (a) FTIR of ZnO thin film. High intensity of the bands of the organic residues COO-, C-Osym, C-
Oasym and O-H groups is observed; (b) FTIR of IZO thin films. The insets show the shift of the identified Zn-O bond at 583 cm−1 due 
to an inductive effect due to the doping at 6 wt.%. 

Figure 3 shows the resistivities of the undoped and doped thin films. The resistivity 
exhibits a trend similar to those typically reported. Interestingly, for the IZO film doped 
at 6 wt.%, an increase in the resistivity was observed. This behavior can be correlated with 
the FTIR results, where it was observed that the bonds related to the organic residuals are 
reduced at the lowest values for this sample. This reduction of C-O, COO- and O-H bonds 
decreases the correlated free carrier concentration, increasing the resistivity. Moreover, 
this behavior may be related to the inductive effect previously mentioned. 
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Figure 3. Resistivity of the doped thin films at different concentrations. The line shows the usual 
dependence of the resistivity. The film doped at 6 wt.% shows an irregular increase. 

In addition to the resistivity variation, a change was observed in the C–V characteri-
zation of the MIS capacitors (Figure 4). Figure 4a shows the MIS capacitor structure. Fig-
ure 4b shows the C–V curves, and the typical accumulation and depletion characteristic 
regions for an MIS capacitor are observed. When the C–V characteristics were measured, 
forward and reverse sweeps were applied to evaluate the hysteresis. The origin of hyste-
resis occurs by the existence of organics groups inside the semiconductor. The reduction 
of the hysteresis, from the ZnO (0.72 V) to the IZO (0.10 V) film, is the result of the decrease 
in organic residues present in the IZO film at 6 wt.%. The hysteresis is closely associated 
with interface trap states in oxide semiconductor films [24,25]. The hysteresis reduction 
observed in the capacitor with the IZO film indicates that the film with the least amount 
of organic residues allows better electrical performance due to the reduction of traps pre-
sent in the film. 

 

 
(a) (b) 

Figure 4. MIS capacitor characterization: (a) schematic MIS capacitor structure; (b) metal–insulator–semiconductor (MIS) 
capacitor with (a) ZnO and (b) IZO thin films. The hysteresis parameter found was (a) 0.72 and (b) 0.19 V. The reduction 
of the hysteresis of the doped film is attributed to the reduction of traps originated by organic residues. 

4. Conclusions 
In this work, it was observed that the concentration of dopant in ZnO contributes to 

the electrical behavior of the films obtained, favoring the reduction of organic residues. It 
was also observed that the reduction of the bond between metal and ligand can contribute 
to the variation of the semiconductor properties due to a possible redistribution of the 



Eng. Proc. 2021, 4, 9 5 of 6 
 

 

density of states due to the addition of dopant. In the fabricated MIS capacitors, an im-
provement in the characteristics of the C–V curve was observed with the IZO film used as 
the active layer. 
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