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ABSTRACT 

Indium oxide (InOx) and indium tin oxide (ITO) thin films were deposited on glass substrates 

by plasma enhanced reactive thermal evaporation (PERTE) at different substrate 

temperatures. The films were then submitted to two etching solutions with different chemical 

reactivity: i) HNO3 (6%), at room temperature; ii) HCl (35%): (40 °Bé) FeCl3 (1:1), at 40 °C.  

The dependence of the etchability of the films on the structural and deposition conditions is 

discussed. Previously to etching, structural characterization was made. X-ray diffraction 

showed the appearance of a peak around 2θ=31° as the deposition temperature increases 

from room temperature to 190 °C, both for ITO and InOx. AFM surface topography and SEM 

micrographs of the deposited films are consistent with the structural properties suggested by 

X-ray spectra: as the deposition temperature increases, the surface changes from a finely 

grained structure to a material with a larger-sized grain or/and agglomerate structure of the 
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order of  250-300 nm. The roughness Rq varies from 0.74 nm for the amorphous tissue to a 

maximum of 10.83 nm for the sample with the biggest crystalline grains. Raman spectra are 

also presented.  

INTRODUCTION 

Transparent conductive oxides (TCOs) thin films (first appearance in 1907 by 
Bädeker [1]), frequently used in various optoelectronic device fabrication, are materials 
whose physical, structural and chemical properties are still subject of investigation in 
present times [2-3]. Indium oxide (InOx) and indium tin oxide (ITO) thin films are TCO 
materials both with their own properties, strongly dependent upon their oxidation state 
(stoichiometry), quantity of impurities trapped in the film and film deposition processes 
and conditions [4]. For this work, conductive oxide thin films were deposited by radio-
frequency plasma enhanced reactive thermal evaporation (rf-PERTE) on glass substrates 
[5]. The variation of their characteristics, e.g., (1) surface morphology and (2) structure 
(grain or agglomerate presence) with substrate temperature (from 25 up to 190 °C) is 
studied. The etch rate as a function of substrate temperature has been also determined for 
two types of chemical etching solutions.  

EXPERIMENTAL 

Samples (2.5×2.5 cm2) of indium oxide (InOx) and indium tin oxide (ITO) were 
deposited on glass substrates previously cleaned with ion free detergent and rinsed with 
ultra-pure water (ρ = 18.2 MΩ.cm). The deposition process used for both materials was 
radio-frequency plasma (13.56 MHz) enhanced reactive thermal evaporation technique 
(rf-PERTE) using indium tear drops and an indium-tin alloy (80%:20%), respectively, as 
the material source in the crucible. All the other deposition conditions were kept nearly 
constant and referred elsewhere [5]. Samples were deposited at the following 
temperatures: 25±1, 110±1, 130±1, 150±6, 170±2 and 190±2 °C. Post deposition 
annealing treatments were not used whatsoever. The thickness of the films is within the 
range of 100-160 nm by a Dektak III profilometer. The sheet resistance was measured 
using Veeco FPP5000 four-point gauge. Scanning Electron Microscopy (SEM) and 
glancing incidence X-ray Diffraction (GIXRD) are the main characterization methods 
complemented with Raman and AFM techniques. A LabRAM HR Evolution Raman 
microscope from Horiba Scientific, with a 532 nm green laser and a 600 gr/mm grating 
was used to obtain the spectra in the 150 to 1800 cm-1 Raman shift range for samples 
deposited on AF45 substrates. A Dimension 3100 SPM with a Nanoscope IIIa controller 
from Digital Instruments (DI) was used for the AFM measurements. The measurements 
were performed in tapping mode (TM) under ambient conditions. A commercial tapping 
mode etched silicon probe from Bruker and a 90×90 µm2 scanner were used.  

The etchability of both films is verified using two chemical etching solutions: 
(1) HNO3 (6%) used at room temperature and (2) FeCl3 (40 °Bé):HCl (37%), in a 50% 
proportion, used at 40 °C. Solution (1) has been optimized previously for low 
temperature deposited samples, giving typical etch rates of 5-10 Å/s. Solution (2) is a 
standard ITO etching solution [6-7].  Both processes were done by the usual dip method. 
By knowing the etched thickness and the time of etching, the etch rate can be easily 
calculated. SEM measurements are made using a Field Emission Scanning Electron 
Microscope (SEM) JEOL JSM-7001F. Grazing-incidence X-ray diffraction (GIXRD) 
measurements are performed using a D8 ADVANCE diffractometer with 
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DAVINCI.DESIGN and a LINXEYE-XE detector (Cu Kα°λ=1.54Å) in the grazing 
incidence geometry, with an incident beam angle of 1.5°. 

RESULTS AND DISCUSSION 

For both TCOs in the present study, the value of electrical resistivity is within 
the range (3-11)×10-4 Ωcm. Figure 1(a) shows the variation of etch rate for InOx and ITO 
thin films with substrate temperature, using the etching solution of HNO3(6%), at room 
temperature. The etching rate values decrease slowly with increasing substrate 
temperature up to 130 oC, and the exponential decrease over three orders of magnitude is 
observed in the range of 150 to 190 oC. Besides, from room temperature up to (130) °C 
the etch rate values of InOx films are slightly higher than those of ITO films, and from 
150 to 190 °C, the etch rate values of the ITO films are higher than those of InOx. The 
significant change verified in their morphology and the presence of tin (Sn) as the doping 
impurity (it is known that tin segregates to grain boundaries in response to temperature 
increase [8]) maybe responsible for that difference. The fine grained structure observed 
at low substrate temperatures gives rise to larger-sized grain structure material at high 
substrate temperatures, more evident for ITO films [9].  

Figure 1(b) shows the variation of etch rate of InOx and ITO thin films with 
substrate temperature for the etching solution FeCl3 (40 °Bé):HCl (35%) (1:1), performed 
at 40 °C. In this case, the etching rate values obtained are much higher than the ones 
obtained in the previous study. 

 Figure 1. Etch rate variation of InOx and ITO thin films with substrate temperature for two etching solutions: (a) HNO3 

(6%) in water at room temperature, and (b) FeCl3 (40 °Bé): HCl (35%) (1:1) at 40 °C 

 
The higher chemical reactivity of the etching solution combined with the higher 

temperature of the etching process (40 °C) are the main factors for this increase. 
Nevertheless, the etch rate curves are of almost the same shape over the studied 
temperature range. Middle range substrate temperatures (110-130 °C), give rise to almost 
identical etch rate values for both films. Above 150 °C, the etch rate values of the ITO 
films become higher than those of the InOx films. These comments become clearer, 
observing Figures 2 to 4, with the results of SEM and GIXRD. The etch rate of the InOx 
sample deposited at room temperature could not be measured since the etching time was 
less than one second. A different marker (triangle) is used to note the minimum of the 
error bar, corresponding to 1 s. 
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Figure 2 shows grazing-incidence X-ray diffraction patterns of InOx and ITO 

[10] thin films for the two extreme substrate temperatures in the range 25-190 °C. Curves 
1 and 3 indicates that low temperature samples are mostly amorphous, while the layers 
deposited at 190 °C are highly crystalline with preferable nanocrystal orientation of 
(222). Raman spectra also indicate the increase in film crystallinity that is associated 
with the height of the spectral band centered at 560 cm-1.  

Figure 2. Grazing-incidence X-ray diffraction measurements for InOx and ITO deposited at ambient temperature (curves 

1 and 3) and  190 °C (curves 2 and 4), compared with the patterns of materials from the Crystallography Open Database 

(COD1010341). The insets show Raman spectra of the films after subtracting the baseline. 

 

 
Figure 3 shows SEM micrographs of InOx (A, C, E, G) and ITO (B, D, F, H) 

films as a function of the substrate temperature. As can be seen, high-temperature 
materials present big crystal islands inserted in grain-shaped domains characterized by 
small crystallites, grown in the same direction (Figures 3 E to H). These domains are 
particularly evident in Figure 3 F and G. The shape of the big crystal islands is quite 
different for InOx and ITO films. Probably the presence of tin in the ITO films may be 
responsible for this, during the coalescence of small crystallites.  

Low and medium temperature material, deposited from room temperature up to 
≈ 150 °C, show close-packed small crystallites, although the structure compactness 
seems to be higher at 150 °C, namely in InOx films (Figure 3 A and C). Figure 4 shows 
an example of InOx film deposited at 172 °C after being submitted to a partial etching 
process. As can be seen here, the high-temperature materials are firstly etched 
preferentially in the grain boundaries, followed by the etching of the tissue under those 
grains, causing the peeling phenomenon. This indicates a bulk coalescence of the small 
crystallites having the same orientation, forming a monocrystal (grain). 

The roughness values (Rq) deduced from AFM are summarized in Table I. It 
varies from 0.74 nm for the amorphous tissue deposited at room temperture to a 
maximum for 10.83 nm for the sample with the biggest crystalline grains, deposited at 
190 °C. 

Table I. Roughness (Rq) of InOx and ITO deduced from AFM data 

Temperature (°C) 25 150 170 190 
InOx roughness (nm) 0.74 0.90 1.31 5.25 
ITO roughness (nm) 0.91 1.09 1.05 10.83 
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Figure 3. SEM micrographs of InOx (A, C, E, G) and ITO (B, D, F, H) films deposited by PERTE on glass substrates as 

a function of substrate temperature 

 

Figure 4. SEM micrograph of an InOx sample after partial etching in solution #2. Macroscopic aspect shows hazy 

transparency. 
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CONCLUSIONS 

The etch rate values for both types of films decrease with the increasing 
substrate temperature for both chemical solutions. High controllability of the etching rate 
for ITO and InOx thin films deposited at various temperatures is demonstrated. The 
etching rate curves are of the same shape for both materials and chemical solutions (in 
the range of temperature 25 to 190 °C), although the etching rate values are much higher 
for the HCl/FeCl3 etching process. For both materials there is a critical temperature, 
approximately at ≈150 °C, where a more abrupt change in the etch rate values is 
observed. Above this temperature, the ITO films exhibit higher etch rate than that for the 
InOx films. These conclusions are in good agreement with SEM and GIXRD studies as 
both materials show a close-packed small crystallites structure below the critical 
temperature, while for higher substrate temperatures, the larger-sized grain or/and 
agglomerate structure is dominant. 
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