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Transparent, Amorphous and Organics-Free ZnO Thin Films Produced by Chemical Solution Deposition at 150 o C
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We have studied the low-temperature processing of ZnO by chemical solution deposition. A transparent, stable precursor solution prepared from zinc-acetate dihydrate dissolved in 2-methoxyethanol was spin-coated on SiO x /Si, soda-lime glass and polymer substrates and heated at 150°C. Selected thin films deposited on SiO x /Si were additionally heated at 450°C. Microstructural and chemical analyses showed that the thin films heated at 150°C in air were amorphous, contained no organic residues and had a root mean square roughness of 0.7 nm. The films deposited on SiO x /Si and heated at 450 o C were crystallised and consisted of randomly oriented grains with a diameter of about 20 nm.

All thin films were transparent, exhibiting a transmission of over 80 % in the visible range. The resistivity of the 120 nm thick ZnO films processed at 150 o C was 57 MΩcm and upon heatineg at 450 o C it decreased to 1.9 kΩcm.

Introduction

A great deal of activity has been focused recently on the development of flexible, transparent, lightweight and mechanically robust electronics for everyday applications. Such devices should consist of transparent electronic circuits deposited on a flexible substrate. In addition to transparent, passive devices, including resistors, capacitors and inductors, active devices also have a great potential for applications. An essential component for realizing active devices is the thin-film transistor (TFT). This is why the processing of transparent TFTs and their associated circuits on flexible, organic substrates is of great interest for various applications, including large-area electronics, e.g., displays, and identification products, e.g., radio-frequency identification tags [START_REF] Wagner | Transparent electronics[END_REF][START_REF] Hoffman | [END_REF].

The flexibility of such devices depends on the substrate. Here, polymer substrates have been found useful because of their reasonable mechanical, optical and chemical performance, in addition to their low cost. However, polymer substrates typically limit the device's processing temperature to a maximum of 150°C [3]. As a result, research activities have focused on materials and technologies that enable low-temperature processing.

ZnO is a constituent of a number of transparent oxide compositions that can be integrated as active devices on polymeric substrates. ZnO thin films alone have been studied as the channel layers for TFTs because of their high transparency in the visible range, low light sensitivity and suitable electrical properties [4,5,6,7,8]. ZnO thin films have been prepared at low temperatures by various physical deposition methods, such as pulsed-laser deposition [9,10], molecular beam epitaxy [11], spray pyrolysis [12], sputtering [13,14] and thermal oxidation of a Zn film [15]. Chemical solution deposition
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-3 -(CSD) methods are more convenient, versatile, inexpensive, and in complex chemical composition systems enable an easier control of the stoichiometry of the film [16].

In solution processing of ZnO thin films, the nitrate-and acetate-based precursors have been most often used as the source of the zinc. Polycrystalline ZnO thin films with a (200) preferential orientation were obtained at as low as 250°C on platinised silicon substrates [17]. On other substrates, such as glass [14], however, no low-temperature processing has been reported. It appears that in order to obtain organics-free ZnO thin films from nitrate-based solutions temperatures higher than 200°C are required [17,18].

Only a few thin-film transistors have been realised using chemical solution deposition methods from a zinc nitrate precursor. A 30-nm-thick ZnO layer was prepared on a glass substrate from a zinc-nitrate-based precursor at 700°C and used as a channel layer for transparent TFTs [19]. The TFTs were characterised by a high channel mobility of 0.2 cm 2 V -1 s -1 and an on/off ratio of 10 7 .

The zinc-acetate-dihydrate based sol-gel route is the most common way to produce ZnO thin films by CSD [20]. Different solvents, such as a mixture of absolute ethanol and lactic acid [21], 2-propanol [22], 2-methoxyethanol [23] and modifiers (diethanolamine [24], monoethanolamine [25]) have been used in the reported processes. Many different substrates have already been used for the deposition, such as silica, soda-lime glass [26], silicon wafers [27] or KBr single crystals [28]. The films deposited by spin coating on these substrates were heated at temperatures from 100°C to 900°C in different atmospheres (air, N 2 , O 2 ) and in vacuum [23,29].

Wang et al. [30] studied the thermal behaviour of a gel consisting of Zn-acetate dihydrate, monoethanolamine (MEA) and ethanol. They reported that the endothermic peak at 225°C in the DTA/TG curves corresponded to the decomposition and
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condensation of most of the organic functional groups and the peak at 367°C to the formation of ZnO crystallites from the amorphous gel. Raoufi et al. [31] obtained similar results when using isopropanol as a solvent. Liu et al. [32] studied a solution based on Zn-acetate dihydrate, ethanol and diethanolamine (DEA) with the addition of polyethylene glycol (PEG). They observed one endothermic and two exothermic peaks in the DTA curve up to 280°C as a result of the solvent evaporation and the combustion of DEA and PEG. An additional exothermic peak at 420°C may correspond to the crystallisation of ZnO. They did not observe any weight loss above 500°C. It is evident that the precursor solutions consisting of Zn-acetate, solvent and modifier contained organic phases at 150°C, and that the removal of these organics was completed between 250 and 500°C [32,33,34,35,36].

The processing of ZnO thin films in the temperature range from 150 to 400°C using the chemical solution deposition method was reported by Brenier and Ortega [37].

The starting solution contained zinc acetate dihydrate, n-propanol and tertamethylammonium hydroxide. They heated the deposited films in an oxidising atmosphere and found that the organic groups decomposed at 150 o C in ozone-enriched oxygen. ZnO crystallites were detected after heating at 200°C in oxygen or in an ozoneenriched oxygen atmosphere. These results show that ozone enhances the oxidation of organic functional groups at lower temperatures compared to oxygen or air [37,38,39,40] Polycrystalline ZnO thin films from solutions with preferential orientation along the c-axis have been observed at temperatures above 250 o C [21,24,26,30,31,35,37]. The temperature at which the ZnO thin film was preferentially oriented was sensitive to solution chemistry.
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-5 -ZnO crystalline films prepared by CSD and heated at temperatures as high as 500 o C possessed resistivities ranging from 0.1 Ω.cm to 10 6 Ω.cm, and lower values were obtained in reducing atmospheres [24,25]. The resistivity of crystalline ZnO films obtained with physical methods was usually lower, ranging from 0.03 Ω.cm to 10 8

Ω.cm, than that of the CSD-derived films [7,8,12,41].

In this paper we describe the processing of amorphous, organics-free ZnO thin films on soda-lime glass, SiO x /Si and polymer substrates using the CSD method. ZnO was selected as a model system for transparent conductive oxides for designing a precursor solution that would enable the processing of organics-free thin films at temperatures not higher than 150 o C on temperature-sensitive substrates. The chemical composition, the microstructure, and the electrical and optical properties of the thin films are discussed with respect to the processing conditions.

Experimental details

The precursor solution was prepared by the dissolution of zinc acetate dihydrate (99%, Fluka) in 2-methoxyethanol (99.3+%, Alfa). The mixture was stirred for 4 hours at 40°C in a flask. We obtained a clear transparent solution with a metal concentration of 0.08 mol.L -1 . The solution without any additives was stable at room temperature for longer than one month.

The solution was dried at 100°C and at 150°C for 24 h in air. The thermal behaviour of the as-dried ZnO-precursor and Zn-acetate dihydrate was investigated from room temperature to 450°C using thermogravimetric and differential thermal analyses (TG/DTA, Netzsch STA 409). The experiments were conducted in flowing air (100mL.min -1 ), using a Pt crucible, with a heating rate of 10°C/min.

The precursor solution was deposited on soda-lime glass, SiO x /Si, and

Polyethylene Naphthalate (PEN) by spin coating at 3000 rpm for 30 s (Headway research). Prior to the deposition, the substrates were cleaned in a mixture of ammonia, hydrogen peroxide and water in the volume ratio 1:1:6 at 50°C for 10 minutes, rinsed with distilled water and dried using dry nitrogen. The films were heated after each deposition on a hot-plate at 150°C for 2 minutes in air or in oxygen. This procedure was repeated several times (up to 50 depositions) depending on the target thickness of the film. For the oxygen treatment, the hot-plate was covered with a homemade glass chamber with a volume of 2 L. We introduced oxygen into the chamber with a flow of 1 L/min during heating of the films. Selected thin films deposited on SiO 2 /Si substrates were heated after each deposition on the hot-plates at 150°C for 2 minutes in air and additionally at 450°C for 2 minutes in air.

The thin films deposited on SiO x /Si were characterized by X-ray diffraction (XRD) using a PANalytical X'Pert PRO diffractometer with Cu K α1 radiation. The data were collected in the 2θ range from 20° to 65°, with a step of 0.034° and an exposure time of 100 s per step. The peak positions and the relative heights of the peaks were determined from the experimental patterns. The phases present were identified using the PDF-2

database [START_REF]PDF-ICDD[END_REF].

The morphology and the thicknesses of the thin films were analysed with an atomic force microscope (AFM Nanoscope IIIa, Digital Instruments) using contactmode imaging. For the measurements we used V-shaped gold coated silicon nitride cantilevers for contact-mode applications with a typical spring constant of 0.05 N/m and with a nominal radius 10 nm (MSCT AUNM, Veeco). To determine the thickness of the samples we made a step by etching the film with diluted HCl. The thickness of the films
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was measured using the step-height function of the AFM software (AFM Nanoscope IIIa).

The chemical composition of the films deposited on SiO x /Si was analysed by Fourier-transform infrared spectroscopy (Perkin Elmer FTIR 1720X, 4000 cm -1 to 550 cm -1 ). The bands positions and the base line correction were determined using the Spectrum program (Perkin Elmer).

The chemical composition of the films was analysed by X-ray photoelectron spectroscopy (XPS) (spectrometer PHI -TFA) over an area with a diameter of 400 µm.

An Al X-ray source was used for the sample's excitation. In order to analyse the indepth composition of the films, ion sputtering using 1-keV Ar ions was applied. The Zn 2p, O 1s, C 1s and Si 2p spectra were acquired during the depth profiling. The estimated sputtering rate was about 1 nm per minute, measured on a reference Ni/Cr multilayer structure.

The electrical and optical properties were measured on thin films deposited on soda-lime glass substrates. The optical properties were obtained by UV-visible spectroscopy using a Shimadzu UV/Vis 3100PC double-beam spectrophotometer in the range 250-2500 nm, and an uncoated soda-lime glass substrate as a reference. The electrical characterisation was performed on a Biorad HL5500 Hall-Effect system, using a four-point probe method in the Van der Pauw geometry.

Results and discussion

In order to investigate the course of the thermal decomposition of the ZnO precursor, we performed thermal analyses of the Zn-acetate dihydrate reagent and the ZnO-precursor, dried at 100 o C and at 150 o C. The thermogravimetric and differential thermal analyses (TG/DTA) curves recorded in air are collected in Figure 1. 1c). The weight loss of 2.3% between 300°C and 350°C was accompanied by a weak exothermic peak at 372°C.

A C C E P T E D M A N U S C
We attribute the weight loss of the ZnO precursor upon heating to decomposition of residual organic groups. Based on a comparison of the TG/DTA curves of the Zn-acetate dihydrate and the ZnO precursor, dried at 100 o C, we observed that the latter contains a smaller quantity of organic groups, which decomposed at a lower temperature. Therefore, we assume that the Zn acetate not only dissolved but also reacted with the solvent 2-methoxyethanol, which can also act as a coordinating ligand [START_REF] Turova | The Chemistry of Metal Alkoxides[END_REF], resulting in a product with a different thermal decomposition. A further increase of the drying temperature to 150 o C resulted in a major decrease in the amount of residual organics in the precursor. The difference is clearly evidenced by the derivative TG curves of the three samples, shown as an inset in Figure 1c.

The precursor solution was deposited on the SiO x /Si, PEN polymer and sodalime glass, and exhibited a good wettability on all the substrates. The thin films were
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-9 -homogeneous and without any defects, and the films deposited on the soda-lime glass and on the PEN substrate were transparent.

The XRD diagrams recorded from the thin films on the SiO x /Si substrates consisting of ten deposited layers and heated at 150°C and 450 o C in air are shown in Figure 2. We did not observe any diffraction peaks in the XRD diagram of the sample heated at 150°C, except the one at 33° that originates from the substrate and corresponds to the (211) plane of the Si substrate. From these results it is evident that these thin films do not have any long-range ordering after heating at 150°C. The crystallisation of acetate-derived ZnO thin films is reported to occur above 200°C [START_REF] Ohyama | [END_REF].

In the XRD diagram of the thin films heated at 450°C in air three diffraction peaks, corresponding to the (100), (002), and (101) planes of polycrystalline ZnO, indexed with the PDF-ICDD card 36-1451 [START_REF]PDF-ICDD[END_REF] can be seen in addition to the peak of the substrate (Figure 2). We did not observe any preferential orientation of the ZnO films.

The ZnO thin films deposited on the SiO x /Si substrate and heated at 150°C in air were analysed by AFM. The topographic AFM image of the ZnO thin film's surface consisting of ten deposited layers is shown Figure 3a. The surface of the thin film is smooth with an image rms roughness of 0.7 nm. The film thickness was measured on an image of the etched step (inset in Figure 3b). It was 48 nm and did not vary along the step.

The thickness of the film increased with the increasing number of depositions;

after fifty depositions the film was 149 nm thick (Table 1). We observed that the film thickness did not increase linearly with the increasing number of depositions. The average thickness of one layer in the film after ten and fifty depositions corresponded to
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-10 -During the heating of the as-deposited layer, the solvent evaporates which results in a porous layer [START_REF] Ohyama | [END_REF]. Upon the next deposition step, a part of the solution may penetrate into the pores of the lower layer, which results in its higher density, and consequently in a decrease of the average thickness per layer.

We prepared ZnO thin films consisting of 10 layers on the SiO x /Si substrate and heating at 150°C in oxygen. A topographic AFM image of the surface of the thin film is shown in Figure 4a. It is evident that large pores or "craters" are distributed across the whole surface of the ZnO thin film. The diameter of these craters varies from 300 nm to 800 nm and their average depth is around 10 nm. Figure 4b presents the surface profile along such defect. With the exception of the defects the ZnO surface is quite uniform.

We assume that these defects or "craters" originated from the abrupt, almost explosive, removal of the organics during heating of the film in oxygen. Similar observations were reported by Calzada et al. [45] for nitrate-alkoxide-derived PbTiO 3 thin films. The ZnO films heated in oxygen were not further characterised. To obtain defect-free films, the experimental parameters, such as the oxygen flow rate, heating and cooling rates, and time should be optimised. Brenier et al. [37] reported that heating ZnO thin films in an oxidising atmosphere at 150°C resulted in inorganic films but they did not provide any microstructural details.

The AFM image of the ZnO thin film consisting of ten deposited layers on SiO x /Si substrate and heated at 450°C in air is shown in Figure 5. The surface of the film is uniform and consists of fine grains with diameters between 20 nm and 50 nm.

The image rms roughness is 2.5 nm which is higher than the value obtained for the sample heated at 150 o C. The increase of the film roughness is due to crystallisation.

The thickness of this film is about 45 nm.

The films consisting of ten deposited layers on SiO x /Si substrates and heated in air at 150°C and 450 o C were analysed by FTIR to determine whether they contained any organic phases. The infrared transmittance spectra of the SiO x /Si substrate and films heated at 150 and 450°C are presented in Figure 6. The substrate is characterized by four bands, at 620 cm -1 , 814 cm -1 , 1014 cm -1 and 1144 cm -1 , related to the stretching vibration of Si-Si bonds, and Si-O-Si bending and stretching modes, respectively [START_REF] Tolstoy | Handbook of infrared spectroscopy of ultrathin films[END_REF].

The FTIR spectra of the two ZnO films are similar. In addition to the characteristic bands of the substrate, we detected two bands at 687 cm -1 and 578 cm -1 , which correspond to Zn-O bonds [START_REF] Music | [END_REF]. We did not detect any characteristic bands of the zinc acetate dehydrate between 2600 and 3500 cm -1 for O-H bonds, at 1550 and 1028 cm -1

for C=O bonds and 1454 cm -1 for C-H bonds [48,49]. Based on the these results we assume that the ZnO thin films heated at 150 and 450°C do not contain any organic phase.

The chemical composition of the film consisting of ten deposited layers on SiO x /Si substrate and heated in air at 150°C was further analysed by XPS. The XPS depth profile of the film is shown in Figure 7. The x-axis represents the sputtering time, which can be converted to a depth scale by taking into account a sputtering rate of about 1 nm/min. The XPS analysis revealed that only Zn and O are present in the film. The chemical composition of the film was uniform and did not vary with the thickness. In addition, no carbon was detected in the films. We did, however, observe some carbon on the surface of the film, which we attribute to the contamination by atmospheric CO 2 .

The slightly non-stoichiometric ratio between the Zn and O in the film could be an artefact of the XPS method, due to the ion-sputtering process, related to the different sputtering rates for the Zn and O atoms often observed on metallic oxides. Sputtering of the oxide surfaces generally results in a preferential depletion of oxygen. The second
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possible reason for a non-stoichiometric ratio between the Zn and O could be an inaccuracy of the relative sensitivity factors for the Zn and O photoelectron peaks used in the XPS quantification procedure. The expected relative error in this case for a calculated composition can be up to 20 %.

The optical transmittance and the thickness of the films deposited on soda-lime glass substrates and heated at 150 and 450 o C in air are shown in Table 1. All films exhibited a high average transmittance in the visible range of the spectrum. It increased with the decreasing thickness of the films, and ranged between 81% and 86% for 149nm-and 48-nm-thick films heated at 150 o C. The optical transmittance of the crystalline 121-nm-thick film heated at 450 o C was 83%, which is only slightly lower than the value obtained for the amorphous film with the same thickness. This indicates that the thickness of the films influences the optical transmittance, while the effect of crystallisation is less significant. Similar results have been reported in the literature. An optical transmittance above 80% was measured for crystalline ZnO thin films prepared by pulsed-laser deposition [6], RF magnetron sputtering [30] or sol-gel [29].

The resistivities of the ZnO thin films heated at 150°C and 450°C in air are collected in Table 1. The resistivity of 48-nm-thick ZnO films heated at 150°C is 157 MΩ.cm and with increasing thickness it decreases, reaching only 4 MΩ.cm for 149 nm thick film. The decrease of resistivity with increasing thickness of the films has been related to an increase of mobility, as reported in the literature [50,51]. We believe that in our case, a higher film thickness contributes not only to an increase in the volume/surface ratio but also to a higher density of the films, as evidenced by the decrease of the average layer thickness with increasing number of depositions (Table 1).

Heating of the ZnO thin films had a dramatic effect on the resistivity. The film heated at 450 o C in air had a resistivity as low as 1890 Ω.cm, which is three orders of
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-13 -magnitude lower than the resistivity of the films heated at 150°C. We attribute this decrease of resistivity to crystallisation [21,29] and also to higher density of the films.

The resistivity of ZnO thin films prepared by chemical methods is influenced by the chemical composition of the precursors, the temperature and the atmosphere during heating, as well as by the film thickness. We found that the resistivity of the ZnO thin films heated at 150 and 450 o C in air was difficult to compare to the reported values since the processing conditions are different and therefore the reported values scatter over a few orders of magnitude. For example, 300-nm-thick ZnO films heated at 300°C

and additionally at 450°C have the resistivity of 19 Ω.cm [21]. Thin films heated at 550°C followed by heating at 500°C have the resistivity of 200 Ω.cm [29]. Resistivities as low as 0.1 Ω.cm were measured for thin films heated at 600°C and additionally heated at 500°C in a reducing atmosphere [25]. Heating the films at 300 and 650 o C in oxygen resulted in higher resistivities, i.e., 1.7x10 4 and 10 6 Ω.cm, respectively [24].

Conclusions

We used chemical solution deposition as a low-cost, simple and versatile method for the preparation of ZnO thin films. We designed a precursor solution containing Znacetate dihydrate and 2-methoxyethanol as a solvent without any additives. The solution was clear, transparent and stable for more than one month.

The ZnO thin films heated at 150°C in air were amorphous, with a uniform thickness ranging from about 50 nm to 150 nm and a smooth surface, transparent, and did not contain any organic phases. The chemical composition of the films did not vary with the depth of the films. The ZnO thin films heated at 450°C were transparent and crystalline with grains of a few 10 nm in size. The resistivity of the ZnO thin films decreased with increasing heating temperature as a consequence of crystallization. The film heated at 150°C (bottom) is amorphous, while the film heated at 450°C (top) is crystallised. 
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Figure 1 :

 1 Figure 1: TG/DTA curves of the Zn-acetate dihydrate reagent (a) and the ZnO precursors dried at 100°C (b) and at 150°C (c) for 24 h in air. Inset in Fig. 1c: Derivative TG (DTG) curves of the three samples between 200 o C and 400 o C.

Figure 2 :

 2 Figure 2: Diffraction diagram of ZnO thin films deposited on SiO x /Si and heated in air.

Figure 3 :

 3 Figure 3: a) Topographic AFM image measured in contact mode at the surface of a ZnO thin film on SiO x /Si, consisting of ten deposited layers, heated at 150°C in air. b) Profile of an etched step of the film. The image used to measure the thickness is given as an inset in Figure 3 b.

Figure 4 :

 4 Figure 4: a) Topographic AFM image measured in contact mode at the surface of a ZnO thin film on SiO x /Si, consisting of ten deposited layers, heated at 150°C in a flow of oxygen. b) Linear profile of a crater on the surface of the film, measured along the line as shown on Figure 4 a.

Figure 5 :

 5 Figure 5: Topographic AFM image measured in contact mode on the surface of a ZnO thin film on SiO x /Si, consisting of ten deposited layers, heated at 450°C in air.

Figure 6 :

 6 Figure 6: FTIR spectra of the films deposited on SiO 2 /Si substrate and heated at 150°C (continuous line) and 450°C (dotted line) in air. The samples consisted of ten deposited layers.

Figure 7 :

 7 Figure 7: Depth profile of the atomic composition of a ZnO thin film consisting of ten deposited layers, heated at 150°C in air.

  Figure 1a

  R I P TThe Zn-acetate dihydrate thermally decomposed into ZnO upon heating to 450°C; the weight loss of 62.8% is in good agreement with the theoretical value of 62.9%. The sample lost 16.2% upon heating to 120°C due to dehydration and a further 46.6% upon heating to 355°C, due to the decomposition of the acetate groups. Both weight losses are accompanied by mainly endothermic peaks at 118.3°C, 258.7°C and 331.1°C (Figure1a). The thermal decomposition of the ZnO-precursor, dried at 100°C, follows a different course, as shown in Figure1b. The total weight loss upon heating to 450°C was 25.8 %. Between 200°C and 320°C the major weight loss of 22.6 % was accompanied by a broad exothermic peak at 278°C and a strong, sharp exothermic peak at 311°C. Between 320°C and 450°C the sample lost a further 1.1%, accompanied by a
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weak exothermic peak at 360°C. The ZnO precursor, dried at 150°C, lost only 3.7 % upon heating to 450°C in air (Figure

Table Captions Table 1 :

 Captions1 Thickness, resistivity and optical transmittance of ZnO thin films as a function of processing conditions.

Table 1 :

 1 Thickness, resistivity and optical transmittance of ZnO thin films as a function of processing conditions.

	Number of	Thickness	Heating temperature	Resistivity	Optical
	depositions	(nm)	(°C)	(Ω.cm)	transmittance (%)
	10	48	150	157 x 10 6	87
	30	118	150	57 x 10 6	84
	50	149	150	4 x 10 6	81
	30	121	450	1890	83
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-14 -ZnO was studied as a model system for more complex transparent conductive oxide formulations. We showed that it is possible to prepare inorganic thin films in air at a temperature not exceeding 150 o C by designing a suitable precursor solution. The process is compatible to temperature-sensitive polymer substrates and is applicable in low-cost flexible electronics.
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