Etching of thin films of ITO in oxalic acid
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ABSTRACT
We describe the kinetics of wet etching ITO thin films in oxalic acid. The etch process was monitored by recording the resistance of the thin film. Three different regimes could be distinguished: (1) initial etching, which is rather slow, (2) fast bulk etching phase and (3) slow etching stage at the end. By adding ferric chloride to the oxalic acid solution we could accelerate the etch rate substantially. Adding reducing agents to oxalic acid had a negative or no effect on the etch rate. At the end of the etching process, the films broke up in isolated islands. The activation energy of the etch rate was found to be 80 ( 5kJ/mol for oxalic acid and 56 ( 5kJ/mol for HCl. SEM analyses indicate a preferential etching of In2O3 in ITO, enriching the residual film material with SnO2.
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INTRODUCTION
The high electrical conductivity and optical transparency of indium tin oxide (ITO) make it one of the most widely used transparent conductive oxides (TCO) for displays, touch panels, solar cells and other related applications. Thin films of ITO typically consist of 90% In2O3 and 10% SnO2, the crystal structure of ITO is bixbyite, which is identical to the crystal structure of In2O3 [1]. In ITO, Sn4+ ions sit on In3+ lattice sites. Patterning of thin films of ITO is usually done with lithography, which includes an etching step that is mostly wet etching in industrial processes.

Hydrochloric acid (HCl) and HCl with additional nitric acid (HNO3) or iron chloride (FeCl3) are often used as wet etchants at slightly elevated temperature for ITO films [2]. However, these HCl-based etchants have some drawbacks such as: uncontrolled under or lateral etching, attack of the metal layers beneath the ITO-top film, corrosion of equipment and fume exhaust facilities. Organic acids such as oxalic acid, acetic acid, formic acid, citric acid and tartaric acid are less corrosive and generally do not attack the metallization of a backplane with thin film transistors. For that reason these acids are now being used for wet etching of ITO and other transparent conductive oxides such as ZnO:In (IZO) and ZnO:In, Ga (IGZO) [3-7]. Another advantage of organic acids is that they are more selective due to their capability to form complexes with In3+, Sn4+, Zn2+ and Ga3+ ions.
Oxalic acid (H2C2O4) is a rather strong organic acid, because of its low pKa1, being 1.3, which yields a pH of 0.6 for 1M solution. Because of this, oxalic acid is about 1000 times more acid than acetic acid and it has a fairly large etch rate of 80nm/min at 40(C [5], which is about a factor of 2 less than the etch rate of ITO in HCl + HNO3 at 40(C [6]. However, it should be stressed that it is precarious to compare the etch rates of ITO, published by workers from different institutes. Depending on the ratio between amorphous and crystalline material in the ITO film, the etch rate can differ by more than a factor of 100 [3, 4]. In other words, comparing etch rates of ITO films without considering the crystallinity does not make sense. 
The etching behavior of oxalic acid solutions for ITO thin films was extensively studied by Tsai and Wu [5, 6]. These authors paid particular attention to the stability of ITO in an electrochemical cell as a function of voltage and oxalic acid concentration, which can be described in so-called Pourbaix diagrams. 
The purpose of our work is to develop a good etchant for ITO in a production environment. The etch rate of ITO in organic acids is slower than in HCl; it is therefore important to investigate the parameters that affect the etch rate, such as temperature and concentration. As the crystallinity of the film is important for the etch rate, the dependence of the etch rate with the thickness is important and should be taken into account. The measurement of film resistance as a function of time shows the changes of the rate of mass removal from the film, depending on the average thickness, the resistivity of the material, crystallinity and structural arrangement of the crystallites in the layers. This has been described by us in another study [8], indicated here by Part 1. The possibility of detecting the changes of the rate of mass removal gives information about the capabilities of a given etchant in producing a process that is controllable (e.g. no under-etching) and fast enough to enhance the productivity of the photolithographic process.
The effect of adding oxidizing agents to HCl-containing etchants is well documented in the literature [9, 10]. Especially FeCl3 enhances the etch rate of ITO with concentrated HCl. The addition of oxidants to oxalic acid etchants has not been studied and we considered it interesting to study whether FeCl3 has an enhancing effect for this etchant as well. Quite surprisingly, Lee found that the addition of a mild reducing compound such as ascorbic acid to an etching bath containing oxalic acid also accelerates the etch rate of ITO films [11]. This phenomenon is not understood and we have therefore included the effect of adding reducing agents to oxalic acid in our research.
The outline of this paper is as follows. After a brief summary of the experimental procedure, we describe the results of etching ITO in oxalic acid as a function of concentration, temperature and the addition of mild reducing agents. After that we describe SEM studies of ITO-films after different etch times and finally we discuss the results of our investigation.
EXPERIMENTAL PROCEDURE
The ITO thin films used in our etching experiments had nominal thicknesses of 25nm and 175nm and sheet resistances of 98(/( and 5.5(/( respectively. The etch rates presented in this paper were calculated with the nominal film thicknesses.
Small samples with dimension of 10mm x 20mm were cut for the experiments, thoroughly cleaned in a detergent solution (5% extran( MA02) for 10 minutes, rinsed with water and alcohol, dried at 100(C and stored in a dry box. Details of the experimental procedures and the resistance monitoring have been described in Part 1 [7].
Etch solutions were prepared with distilled water and high purity compounds. Each etching experiment was done with a freshly prepared solution to ensure high reproducibility. Evaporation loss of water during the etching at temperatures of 40, 50 and 60(C was counteracted by adding balanced quantities of distilled water to the etching bath. 
We analyzed ITO-samples with a nominal thickness of 25nm with two X-ray diffraction techniques, viz. grazing incidence (GIXRD) and reflectivity (XRR) [12]. These analyses were made before etching and after etching for 12 minutes in 0.32M oxalic acid at 60(C. For the GIXRD analysis we used an X´Pert MRD PANalytical diffractometer with Cuk( radiation and a graphite diffracted beam monochromator. For the GIXRD measurement the angle with respect to the sample surface was adjusted to 1( in order to identify the ITO film on the substrate. The results of the XRR measurements are summarized in table 1.

Table 1: XRR data of ITO films

	
	Thickness (nm)
	Density (g/cm3)
	Roughness (Ra in nm)

	Before etching
	22.1
	7.131
	0.8

	After etching
	14.87
	4.15
	0.9


The substrate for the ITO films was a sodium containing glass without a SiO2 diffusion barrier between the glass and the ITO; the roughness of the glass substrate was 0.48 nm. 

The 175nm ITO films had a thin SiO2 layer on top of the glass to prevent diffusion of Na into the ITO. We did not analyze these samples with the GIXRD and XRR.

ITO films before etching and after various etch times were investigated with a scanning electron microscope (SEM) FEI Quanta 650 at the Brazilian Nanotechnology National Laboratory (LNNano) in Campinas (SP). This SEM was equipped with an energy dispersive X-Ray (EDX) spectrometer for making semi-quantitative surface analyses.
ETCH RATE
As described in Part 1 [8], the increase of the resistance during etching of an  ITO-film is functionally represented by the R0/R- curve, where R0 is the original sheet resistance of the film before etching and R is the actual sheet resistance after etching for a certain time. For completeness reasons we represent in figure 1 a typical R0/R curve.


[image: image1]
Fig. 1 R0/R curve of etching 175nm ITO film in 1.35M oxalic acid at 60(C.
Three regimes can be observed in the R0/R curve: (1) initial etching (first 3 minutes), which is rather slow, (2) fast bulk etching phase (from 3-25minutes) and (3) slow etching stage at the end. In the remainder of this paper, etch rates will be derived from the linear part of the R0/R curves: in figure 1 between 5 and 20 minutes. The etch rate for the sample depicted in figure 1 is 6.6nm/min.
Figure 2 shows the etch rates of 25nm ITO-film as a function of the concentration of oxalic acid at 40, 50 and 60(C. The behavior shown in figure 2 is different from the results as found by Tsai and Wu [6]: they showed that the etch rate becomes constant at oxalic acid concentrations >0.3M for all temperatures.

[image: image2]
FiG. 2 Etch rate of ITO in oxalic acid as a function of concentration at 40, 50 and 60(C.

Another interesting difference with their results is the value of the etch rate. At 50(C and 0.32M they find an etch rate of 180nm/minute, whereas we find 2nm/minute, being a factor of 90 lower. As mentioned in the introduction, this difference could be caused by a high concentration of amorphous ITO in their thin films, whereas our ITO-films exhibit high crystallinity.

Figure 3 shows the effect of adding ferric chloride (FeCl3) to oxalic acid on the etch rate of ITO. Ferric chloride is an oxidizing agent and frequently used in etching ITO with HCl. 

[image: image3]
Fig 3. Etch rate of 175nm ITO film in 1.35M oxalic acid at 60(C as a function of adding FeCl3.

The etch rate increases monotonously with adding FeCl3 to the oxalic acid solution. This is quite different from the behavior of adding FeCl3 to concentrated solutions of HCl, as described by van den Meerakker et al. [9]. In the case of HCl, there is large effect on the etch rate by adding only a small quantity of FeCl3.  
Figure 4 shows the effect of sodium hypophosphite, being a reducing agent, on the etch rate of ITO in oxalic acid. 


[image: image4]
Fig. 4 Etch rate of ITO film at 40, 50 and 60(C as a function of the concentration of sodium hypophosphite in 0.32M oxalic acid.
The etch rate decreases by adding sodium hypophosphite to the oxalic acid bath. The maximum in the etch rate at 0.01M NaH2PO2 is real and cannot be ascribed to accumulation of errors in the etching process and measurements. In the case of adding ascorbic acid to an etch bath of 1.2M oxalic acid of 60(C, we did not find a change in the etch rate between 0 and 0.6M ascorbic acid. This is different from the results described by Lee [11], who found an acceleration of the ITO etch rate by adding ascorbic acid to an oxalic acid etchant. 
Figure 5 shows Arrhenius plots of the etch rates of ITO films in oxalic acid at various concentrations.

[image: image5]
Fig. 5 Arrhenius plots of the etch rate of ITO at 0.02, 0.08 and 0.32M oxalic acid.

From the slopes of the Arrhenius plots the activation energy Ea of the etch rate was calculated, using the relation:
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where rt is the etch rate at temperature t, r0 is the etch rate at a reference temperature, R is the gas constant and T is the absolute temperature.

Figure 6 shows the activation energy of the etch rate of ITO-films determined in various concentrations of oxalic acid.

[image: image7]
Fig. 6 Activation energy of etch rate of ITO in oxalic acid.
Figure 6 shows that the activation energy of ITO in a bath of oxalic acid is 80±5kJ/mol and does virtually not depend on the concentration. This value is slightly larger than the activation energy, 66.8-70kJ/mol, as determined by Tsai and Wu [6].
We did also some etching experiments of ITO in 3.2M HCl. Figure 7 shows the ratio between the etch rate in 3.2M HCl and that in 0.32M oxalic acid.


[image: image8]
Fig. 7 Ratio between etch rate of ITO in 3.2M HCl and etch rate in 1.35 M oxalic acid.

Figure 7 indicates that the ratio between the etch rates of ITO in HCL and oxalic acid has the tendency to decrease at higher temperature. This result suggests that the activation energy of the etch rate of HCl is lower than that of oxalic acid. Indeed we found that the activation energy for the etch rate of ITO in 3.2M HCl is 56 ( 5kJ/mol. This is identical with the result of van den Meerakker et al. [9].
SEM INVESTIGATION OF ETCHED ITO FILMS
After etching, some samples were investigated with a scanning electron microscope (SEM). This was done to check the transition from an isotropic to anisotropic condition in the ITO film and whether any residual ITO was left on the glass surface. The SEM micrographs of the ITO-etching presented in Table 2 show that the  initial surface of the ITO film is smooth with very small boundaries (less than 1 (m at 10.000 x magnification) and after 4 minutes of etching structures are visible with a size of ~100 nm at 100.000 x magnification. It is not clear whether these structures represent crystallites or clusters of crystallites. 

The etchant of the samples shown in Table 2 was 0.32M oxalic acid at a temperature of 60(C. At the end point, determined by R( >100 M( in the resistance monitoring, one observes large islands of residual ITO in the picture located in column of 12 minutes etching at a magnification of 200000x. 
Table 2:  ITO surface topography as a function of etch time
	
	Sample 14
	Sample 20
	Sample 21
	Sample 22

	
	0 min
	4 min
	8 min
	12 min

	1.000 x
(100(m)
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	10.000 x
(10(m)
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	50.000 x
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From the SEM pictures in Table 2 it can be concluded that the uniformity assumption underlying the linear part of the R0/R curve, as explained in Part 1 [8] breaks down at the end of the etching process.
[image: image26.jpg]Spectrum 6





Fig. 8 EDX spectrum of residual material on glass surface.
The bottom picture in the right hand column of Table 2 shows residual structures of ITO, which are disconnected.

Figure 8 is an EDX-spectrum of a sample after 12minutes of etching in 0.32M oxalic acid.
The EDX-spectrum of this residual material shows substantial quantities of glass constituents as well as In and Sn. Table 3 shows In and Sn weights (in %), determined by EDX. Since the samples were coated with 17nm Au-film to prevent charging, the values represented in Table 3 are indicative.  
Nevertheless, after etching the EDX-spectra of these ITO constituents show a predominance of Sn over In by almost two orders of magnitude, indicating a large excess of SnO2 in the residual material. 
Table 3: EDS analysis (In and Sn in weight (%))
	
	Non-etched
	Etched

	In
	3.14
	0.04

	Sn
	1.68
	1.83


In other words, our SEM-EDX data indicate a preferential etching of In2O3 over SnO2 in ITO. It is interesting to combine the results listed in Table 1 and 3. Table 1 indicates that the density of an etched film is much lower than that of the original non-etched film. With the data of table 1 we may conclude that this more porous film is substantially enriched with SnO2.
DISCUSSION
As already mentioned in the foregoing section on etch rate, our etch rates of ITO-films in oxalic acid, represented in figure 2, are much lower than those determined by Tsai and Wu [6]. Since we also determined the etch rate of ITO in 3.2M HCL, we can compare our results with those of van den Meerakker et al. [9]. They found an etch rate of 2 nm/min in 4M HCL at 30(C and an activation energy of the etch rate of 55kJ/mol in 6M HCl. Assuming that the activation energy for etching ITO in HCL does not depend on the concentration, then their etch rate of ITO in 4M HCL at 40(C would be 4nm/min, which is very similar to our result being 3.8nm/min in 3.2M HCl at 40(C. This indicates that the ITO-films used by van den Meerakker et al. and us are similar regarding crystallinity. The same value of the activation energy of the etch rate in HCl, described before, enforces this conclusion. 
In spite of the large difference in in etch rates of ITO in oxalic acid found by Tsai and Wu and us, the activation energies of the etch rate do not differ substantially. This is an interesting observation and it indicates that the activation energy for etching does not depend strongly on the crystallinity.
Table 4: Reactions and Gibbs free energy (kJ/mol) [12]
	Reaction
	(G0 (kJ/mol)

	In2O3 + 6H+ (     3H2O + 2In3+
	-88.15

	SnO2 + 4H+ (    2H2O + Sn4+
	+38.37

	SnO +  2H+  (     H2O + Sn2+
	-6.12

	SnO + H2C2O4 (  H2O + SnC2O4
	-16.82

	In2O3 + 3H2C2O4 (  3H2O + In(C204)2- + InC2O4+
	-86.06


In Table 4 we have listed some reactions, which may take place in etching ITO. The corresponding standard Gibbs energies for the reactions are listed as well. Both amorphous and crystalline In2O3 dissolve in acids because of the negative Gibbs energy: the Gibbs energy does not provide information on the kinetics, i.e. the etch rate. The second reaction with SnO2 shows a positive value for (G0 indicating that SnO2 does not dissolve in acids. To dissolve SnO2 in acids, a reducing agent is necessary that converts SnO2 into SnO. 
Both In3+ and Sn2+ ions can form complex compounds with the oxalate ion: two reactions involving the C2O42- ion are indicated in Table 3. The HC2O4- ion can also be involved in complex forming reactions [6]; however, the thermodynamic data are less complete. The last reactions in Table 4 show that complex forming is not very favorable from an energy point of view. From the data summarized in Table 4, we tentatively conclude that the formation of In-oxalate complexes is not playing a role in etching ITO. If the essential reaction of etching ITO in acids is represented by the first reaction, then it is obvious that In2O3 is preferentially etched and that residues on the glass are enriched with insoluble SnO2. 
Van den Meerakker et al. [9] have proposed a model, which explains the enhancement of the etch rate by adding FeCl3 to concentrated HCl. The basic idea is that Fe3+ ions generate positively charged In-sites at the surface of the ITO film by forming OH radicals and Fe2+ ions. The In+-sites react with HC2O4- and Cl- ions, while the OH- radicals and Fe2+ are immediately transformed to OH- and Fe3+. This is a catalysis model that can also explain the enhancement of etching ITO in oxalic acid, since we found an almost linear increase of the etch rate with FeCl3 concentration, shown in figure 3. This dependence of the etch rate with FeCl3 concentration makes the above catalysis  model even more acceptable in oxalic acid than in concentrated HCl, because of the adsorption isotherm behavior, being almost binary behavior, found in HCl-FeCl3 etchants [9].
CONCLUSIONS
Monitoring the resistance of thin films of ITO during etching in aqueous etchants provides detailed information on the etch kinetics. We found that oxalic acid is a suitable etchant for ITO, yielding 2-3 times lower etch rates than 3.2M HCl. The etch rate could be accelerated by adding FeCl3 to oxalic acid. Reducing agents such as ascorbic acid and sodium hypophosphite did not accelerate the etch rate when mixed with oxalic acid. The enhancement of the etch rate by mixing oxalic acid with FeCl3 can be explained in terms of a catalysis model. Grazing incidence X-ray diffraction showed that the density of the ITO film decreased substantially upon etching.

SEM analyses indicated a preferential etching of In2O3 in ITO, enriching the residual film material with SnO2.
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